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OPTICAL AND SENSING PROPERTIES OF VARIOUS SHAPED GOLD 
NANOPLATES AND HIGHLY CONTROLLED ASYMMETRIC GOLD 
NANOPLATE/NANOSPHERE COUPLED ASSEMBLIES 
Aiqin Fang 
May 13, 2015 
With the development of a strategy to correlate the dark-field light scattering 
spectra of individual nanostructures with scanning electron microscopy (SEM) and 
atomic force microscopy (AFM) images of the same nanostructures, we were able to 
investigate several interesting optical properties of Au nanoplates (NPs) and 
asymmetrically-coupled Au nanospheres (NSs) attached to Au NPs with a high level of 
control.  The light scattering spectra of the NP/NS coupled structures depend strongly on 
the location of NS attachment on the NP. Attachment of multiple NSs at the edge/vertex 
sites leads to a unique synergistic effect.  In contrast to the uniform distribution of NSs, 
asymmetric distributions of multiple NSs attached to the sides of a NP result in complex, 
broadened, multi-peaked spectra with larger plasmonic shifts.  Simulations using the 
discrete dipole approximation (DDA) method verified all of the experimental results.  
The positive shift in the dipolar plasmon mode of the NP/NS assembly relative to 
the original NP increases with increasing NS size for those attached on the side of the NP 
 vii 
 
in the order of 9±2 nm, 24±4 nm, and 98±16 nm for the 13, 24, and 51 nm average 
diameter NSs, respectively.  For a NS attached to the top terrace of a NP, the shift in the 
dipolar plasmon mode is 1±1 nm,  3±1 nm, and 14±4 nm for the 13, 24, and 51 nm NS, 
respectively, and the spectra become more broad.  The attachment of a Au NS to a 
hexagonal or circular Au NP through a cysteamine (Cys) linker shows different light 
scattering properties compared to attachment through 4-aminothiophenol (4-ATP).  The 
shorter length of Cys leads to stronger dipolar plasmon coupling along the long axis of 
the NP/NS structure.  This leads to a larger red-shift compared to linking with 4-ATP.  
The geometric shape of the NPs dramatically affects their sensitivity to refractive index 
changes in the environment and sensitivity to the attachment of a Au NS.  The sensitivity 
of λmax to a change in the refractive index of the environment followed the order of 
triangles > hexagons > circles.  This research provides new fundamental information and 
a better understanding of shape-dependent optical properties and plasmon coupling of 
asymmetric metallic nanostructures with potential use in three-dimensional spatial 
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CHAPTER I 
INTRODUCTION 
1.1 Main Goal and Summary 
The main goal of this research was to study the plasmonic coupling of Au 
nanospheres (NSs) with Au nanoplates (NPs) and the factors that can affect this coupling, 
including attachment location of the NS on the NP, the size of the NS, and the organic 
ligands linking the NS and NP.  The application of this study to refractive index (RI) 
sensing with different shapes of NPs has also been investigated, including triangular, 
hexagonal, and circular shapes.  Chapter I describes the background information about all 
the topics related to this research, including the overview of plasmonic nanostructure 
fabrication and synthesis, introduction to localized surface plasmon resonance (LSPR) of 
metallic nanostructures, and applications of LSPR sensing.  Chapter II describes the 
chemicals, the experimental procedures, and the instrumentation that were used in this 
research.  Chapter III contains the results and discussion of the effect of NS location on 
LSPR shift when attached to a NP.  Chapter IV shows the effect of NS size on the LSPR 
shift when coupled with a NP.  Chapter V investigates the effect of the organic ligand 
used to link the Au NS to a NP on the LSPR spectral pattern and shift.  Chapter VI 
compares the sensitivity of different shaped NPs, including triangular, hexagonal, and 
circular, for RI sensing using LSPR spectroscopy.  Chapter VII provides conclusions and 
future directions of this research. 
                                                                                                                                               2
1.2 Motivation/Objective 
The motivation behind this research was to better understand the optical and 
sensing properties of Au NPs and Au NS/NP assemblies at the single nanostructure level.  
Initially, our group attached proteins to the edges and terraces of NPs for enhanced LSPR 
biosensing.  The LSPR spectra were collected for ensemble nanoparticles and therefore it 
was difficult to understand the behavior of single nanoparticles.  Our group also used that 
same strategy to attach Au NSs to the edges and terraces of Au NPs.  Strong coupling 
between linked nanoparticles can be used to enhanced LSPR sensing and SERS 
detection.  These studies were also performed on ensemble particles.  The enhancement 
was regarded as a result of the collective behavior of all measured nanoparticles.  To 
better understand the effect of location on the sensing and spectral properties, we needed 
to make measurements at the single particle level.  We started with Au NSs coupled to 
NPs because metal nanoparticles are easier to image compared to proteins.  Most 
important, coupled metal nanostructures are currently of great interest in SERS and LSPR 
enhancement, light wave-guiding, molecular rulers, and other interesting plasmon 
phenomena and applications.  
Another motivation for this study was to better understand the fundamental 
optical properties of asymmetric coupled nanostructures.  Compared to symmetric 
coupled nanostructures, asymmetric ones often display new coupling modes and unique 
spectral features that are not observed with symmetric ones, including symmetry 
breaking, appearance of otherwise dark out-of-phase hybrid modes, avoided crossing 
behavior, Fano resonances, and asymmetric scattering properties.1,2  Our NS/NP
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nanoassemblies might provide some new and unique optical properties because the 
coupled nanoparticles are different in both size and shape (a small sphere coupled to a 
bigger plate), which has been studied for the first time.  
 
1.3 Synthesis and Assembly of Metallic Nanostructures 
The synthesis of metal nanostructures has been an active area of research due to 
its wide applications in many fields including photonics,3,4 electronics,5,6 sensing,7,8 and 
medical imaging.9,10  One desirable feature of metal nanostructures for applications is the 
ability to tune their properties by controlling their size, shape and composition.11-13  A 
numbers of synthetic methodologies have been developed to produce isotropic or 
anisotropic nanostructures with controlled size and shape for a variety of materials.14,15  
Nanostructures are typically formed by either “top-down” or “bottom-up” approaches.  
Top-down techniques are basically lithographic techniques to fabricate nanostructures, 
whereas bottom-up methods involve the reactions of atoms, ions, or molecules to “grow” 
nanostructures either on substrates or in solution. 
 
1.3.1 Synthesis in Solution 
Bottom-up wet chemistry synthesis is a widely used approach to make metal 
nanoparticles with control over their shape, size, composition, and functionality.  In this 
approach, the reduction of metal salts usually occurs in a solution containing a colloidal 
stabilizer, which can suppress the aggregation of the nanoparticles and control the growth 
of nanostructures.  Ligands, surfactants, or polymers can serve as stabilizers and adsorb to 
the surface of the nanoparticles to inhibit the aggregation by electrostatic repulsion or 
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steric hindrance.  In some cases, the stabilizer can also play a role in directing 
nanoparticle growth to a desired shape.  The metal salt reduction occurs upon addition of 
chemical reductants such as sodium citrate, sodium borohydride, and alcohols.  
Nanoparticle size and shape can be controlled by the choice of stabilizer, reductant, and 
relative concentration of the reactants in the oxidation-reduction reaction.  
Citrate reduction: Citrate is a relatively mild reducing reagent, which can serve 
as both a reducing agent and an electrostatic stabilizer in synthesizing Au nanoparticles at 
elevated temperature.  In this protocol, HAuCl4 and AgNO3 are the most commonly used 
precursor for synthesis of Au or Ag nanoparticles.  When precursors are mixed with 
citrate reducing reagent, such as trisodium citrate, at boiling temperature in water, 
elemental Au or Ag nucleates and grows to form Au or Ag nanoparticles.  The size of the 
nanoparticles can be well-controlled by adjusting the citrate to precursors ratio.16  It has 
also been reported that the shape of the nanoparticles can be controlled by changing the 
pH value of the solution due to the different protonation states of citrate ions.17  However, 
the mechanism of the citrate reduction reaction has not been well studied.  Employing 
citrate as a reducing agent to make Au nanoparticles was first reported by Turkevitch et 
al. in 195118 and was adopted to synthesize other metal nanostructures.  Today, the 
primary use of the citrate synthesis is in producing large quantities of Au colloids for 
commercial applications and research.  
Seed-mediated growth: Well-defined nanoparticles can also be synthesized by 
seed mediated growth as reported by the Murphy group in 2001.19  In seed-mediated 
growth, metal nanoparticle seeds are synthesized.  Then a certain amount of seeds are 
added to a pre-prepared growth solution containing precursor metal ions, a mild reducing 
agent (ascorbic acid), surfactant organic molecules (cetyltrimethylammonium bromide, 
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CTAB), and some other necessary additives.  After the addition of seeds, the metal ions 
in growth solution are reduced by reducing agent and directly deposited onto the surface 
of the seeds, which act as the nucleation sites.  In the growth process, surfactants 
preferably adsorb to a certain facet of the small growing metal crystals and block growth 
in this direction while allowing the growth in other directions.  This anisotropic growth 
approach leads to the synthesis of anisotropic particles.  It is an excellent method for 
synthesizing nanoparticles with aspect ratios bigger than 1, such as nanorods (NRs), 
nanowires, and NPs.19-21  The nanoparticle shape and aspect ratio can be controlled by the 
composition and concentration of the surfactant, seeds, metal ions, and reducing agent.  
One big advantage of the seeding growth method is that it can be used to grow 
nanoparticles directly onto solid surfaces such as silicon and glass, which is very 
convenient for microscopy studies.22,23  
Polyol process: The polyol process represents a robust and versatile synthetic 
procedure that can be used to generate metal and alloy nanoparticles with a wide variety 
of sizes and shapes.  In a typical synthesis, a polyol (ethylene glycol) serves as both a 
solvent and reducing agent at elevated temperatures.  Capping agents and Au precursors 
react with preheated polyol solution, which ignites the nucleation process and the growth 
of nanoparticles.  The mechanism in the polyol process has been studied in detail.24 
Polyol syntheses have been used to produce a variety of nanostructures such as cubes, 
rods, wires, or spheres by adjusting the relative amounts of the capping agent and the 
metal precursor ions in solution.25-27  Other nanostructures such as NPs, nanobelts, and 
hollow or alloy nanoparticles were also synthesized by using polyol methods.28-30  
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1.3.2 Assembly on Surfaces 
One approach to assemble nanoparticles on substrates is to synthesize 
nanoparticles first in solution and then immobilized them to solid surfaces by either 
simple drop casting or linking.  Au nanoparticle films formed in this way have been 
reported as a good platform to monitor elemental mercury.31  Au nanoparticles were first 
synthesized in solution, then assembled as a 2-D sheet using the Langmuir-Blodgett 
method discussed as interface-assisted assembly, and finally transferred to solid 
substrates.  Thermally annealed multilayer Au nanoparticle films were also prepared from  
Au nanoparticles synthesized in solution.32  Instead of using interface-assisted assembly, 
multilayer gold nanoparticle films were formed on substrates using layer-by-layer 
thermal annealing techniques.  The sensing platform built from multilayer Au 
nanoparticle films reached picomolar detection limits for the LSPR sensing of lysozyme 
in a buffer solution. Organic molecules such as amine- or mercapto-terminated silanes 
were also widely used to immobilize Au or Ag nanoparticles to oxide-bearing substrates 
such as silica.33,34  In this protocol, substrates were first functionalized by organic 
molecules and then immersed into the nanoparticle solution for a certain time.  With the 
help of organic molecules, nanoparticles were attached to the solid substrate.  The LSPR 
sensing is usually measured by UV-Vis or dark-field spectrometers, which require the 
substrates to be transparent, such as glass.  For example, an optically transparent substrate 
with Au nanoparticles has been used to study biomolecular interactions in real time by 
UV-Vis spectroscopy.35  
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1.3.3 Direct Fabrication and Syntheses on Surfaces 
Lithography fabrication: Top-down lithography nanofabrication offers precise 
control over nanoparticle shape, size, and inter-particle distance.  The lithography 
methods can be categorized into traditional ones and untraditional ones.  Traditional ones 
include photolithography,36 electron beam lithography (EBL),37-39 and focused ion beam 
lithography (FIB).40  Photolithography, also named optical lithography or UV 
lithography, is a massively parallel approach for patterning nanostructures onto solid 
surfaces.  It uses light to transfer a designed nanostructure pattern through a photomask 
onto a light-sensitive photoresist on the solid substrate.  Photolithography techniques are 
widely used in nanostructure fabrication due to its high productivity and relative low cost 
as compared to the other two methods.  However, its resolution is restricted by the 
diffraction limit of light used in the photoresist exposure step.  Instead of using light to 
expose a photoresist, EBL and FIB employ an electron beam or ion beam to transfer a 
designed pattern onto substrates.  Greater resolution is achieved in EBL and FIB than in 
photolithography.  The disadvantage is the high cost associated with these processes and 
the low throughput, which encouraged the development of alternative lithographic 
techniques.  To meet this need, the Van Duyne lab developed two untraditional 
lithography approaches termed film over NS (FON)41 and NS lithography (NSL).42  Both 
of these approaches involves drop coating an aqueous suspensions of polystyrene or silica 
spheres onto a hydrophilic substrate surface.  And then different metals are deposited 
onto these “sphere masks” by either thermal or electron beam evaporation to form the 
metallic substrate.  It is important to note that lithography techniques are capable of 
precise control over the size, shape, and spacing of metallic nanostructures.  However, it 
is relatively expensive and also difficult to approach interparticle distances that are 
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smaller than 1 nm.43  For periodic arrays of nanoparticles fabricated by EBL, the gap size 
has a limitation of about 50 nm.  FIB milling can produce nanoparticle arrays with a gap 
as narrow as 20 nm.44  A modified version of NSL, called angle-resolved NSL, was 
reported to produce NSs with gaps as small as 4 nm.45  More recently, some other 
nanofabrication techniques, such as laser printing,46,47 nanoimprinting,48 and dip-pen 
nanolithography49 have also been used in making nanoparticle assemblies. 
Direct chemical growth: A more convenient way to produce nanoparticles on 
solid substrates is to grow them directly on substrates, thereby eliminating the 
immobilization procedures.  Seed-mediated growth procedures have been used to 
synthesize a variety of nanostructures directly on substrates.  It was first developed by 
Murphy and coworkers for the preparation of Au NRs in solution.19  Later, Markovich 
and co-workers modified the procedures to successfully grow NRs directly on a mica 
surface.50  Au NS and NRs were directly growth onto indium tin oxide (ITO) electrode 
surface by a seed mediated growth process.51  In our group, we used seed mediate growth 
to synthesize Au NR/single-wall carbon nanotube (SWCN) heterojunctions on silicon 
substrates.22  The optical properties have also been studied by UV-Vis spectroscopy.  
Recently, our group has developed procedures for synthesizing NPs directly on glass and 
silicon substrates and explored their biosensing applications, such as monitoring the 
LSPR shifts caused by the binding of anti-immunoglobulin G to NP surfaces.21,52,53  The 
advantage of growing nanostructures directly on substrates lies in its convenience for 
following spectrometric measurements and great potential for “on-chip” sensing 
applications. 
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1.4 LSPR of Metallic Nanostructures 
A plasmon is a collective oscillation of the conducting electrons in a noble metal.  
These plasmon oscillations can be regarded as mechanical oscillations of the free electron 
“gas” of a metal.  In the presence of an external electric field, the electron gas is 
delocalized with respect to the imaginary fixed positive cores.  Plasmons take the form of 
surface plasmons (SPs) at the surface of a metal such as Ag and Au.  SPs can be excited 
by incident light, which produces an oscillating electric field on the metal surface.  When 
the wavelength of the incident light matches the frequency of plasmon oscillations, a 
phenomenon called surface plasmon resonance (SPR) occurs.  SPR can be divided into 
two types based on the supporting plasmonic metal structures: propagating surface 
plasmon resonance (PSPR) and localized surface plasmon resonance (LSPR).  PSPR is 
supported by structures that have at least one dimension that approaches the excitation 
wavelength and other dimension much larger, such as a thin metal film or long metal 
wire.  In contrast, LSPR is generated from nanostructures with dimensions much smaller 
than the wavelength of light in all dimensions, such as with metal nanoparticles (Figure 
1.1).  LSPR has two important effects.  First, electric fields near the surface of the metal 
nanoparticle are greatly enhanced; this enhancement decays rapidly as a function of 
distance from the particle surface.  Second, the extinction or scattering spectrum of metal 
nanoparticles has a maximum intensity at the wavelength of the plasmon resonance 
(max).  This max depends on the size, shape, and composition of the nanoparticles.  It 
also depends on the RI of the surrounding dielectric environment, which is the basis for 
LSPR sensing.  
To understand in depth how the LSPR phenomenon arises, we must turn to the 
physics of light scattering.  The scattering of light is evident in our daily life as it is  
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responsible for the colorful blue sky and white clouds.  In the early 20th century, Gustav 
Mie developed a general method to calculate the intensity of light scattered by spherical 
particles by solving Maxwell equations.  Maxwell's equations are a set of partial 
differential equations which describe how electric and magnetic fields are generated and 
altered by each other and by currents and charges.  When the particles are very small (the 
radii of particles << the wavelength of the scattered light), Mie scattering agrees with 
Rayleigh scattering, which is elastic scattering.  When the radii of the particles are 
comparable or even larger than the wavelength of incident light, the diffraction theory of 
classical optics will apply.  The LSPR wavelength is described by an equation derived 
from Mie theory:54,55 
              Eq 1.1 
Where E(λ) is the EM field magnitude.  N is the number of nanoparticles excited by the 
incident light.  a is the radius of the metallic nanoparticle.  ɛout is the dielectric constant of 
the medium surrounding the nanoparticle.  λ is the wavelength of the incident light.  εr(λ) 
and εi(λ) are the real and imaginary portion of the metal dielectric function, respectively.  
The χ term is a term determined by nanoparticle shape.  It is 2 for a spherical 
nanoparticle.  This term increases in value for nanoparticles of increasing aspect ratio.56,57  
The λmax and absorbance/scattering intensity of metal nanoparticles are sensitive to 
changes in the dielectric constant of the surrounding medium.  This equation provides 
theoretical explanations for LSPR sensing.  
 
1.4.1 Isolated Nanostructures 
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Different shape nanoparticles: Nanoparticles can be different shapes.  The 
effect of shape is often stated as significant for spectral properties and LSPR sensitivity 
of nanoparticles.  A number of studies have been conducted to synthesize nanoparticles 
with different shapes including NSs, NRs, cubes, plates, bipyramids, and nanostars 
(nanobranches).  Spherical nanoparticles are the most simple and widely used plasmonic 
nanostructures.  Wet chemistry synthesis tends to yield approximately spherical particles 
since the lowest surface energy shape is that of a sphere.  Spherical nanoparticles are 
versatile building blocks for construction of other complex nanostructures such as dimer, 
trimer, oligomer, or core-satellites clusters.  However, the aspect ratio of a perfect sphere 
is 1, which restricts its application in exploring the polarization dependence of incident 
light.  On the contrary, NRs are excellent candidates for studying the optical properties 
related to aspect ratio of nanostructures.  Gold NR extinction spectra have two plasmon 
modes, which correspond to plasmon resonance along their length (longitudinal 
resonance) and across their diameter (transverse resonance).58  Control over the aspect 
ratio of NRs can be easily achieved either using lithographic techniques or wet chemistry 
methods.  It has been reported that the maximum wavelength of absorption of NRs 
increases with increasing aspect ratio.  NSs and NRs are good shapes for studying 
fundamental properties of nanoparticles.  When it comes to applications such as 
enhancement of SERS signal or LSPR sensitivity, nanostructures with sharp corners are 
desired due to very strong electric field enhancement at those locations.  Previous studies 
showed that the electromagnetic field was more intense at the sharp corners of several 
nanostructures such as cubes, plates, and bipyramids.  More recently, nanostars became 
the real star in the nanoparticle world due to its high sensitivity for chemical detection 
and medical applications.59-62   
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Optical properties related to shape: The specific geometry of a nanoparticle 
plays a major role in determining the plasmon resonance frequency and number of 
plasmon modes observed.  Several general phenomena can be observed among the 
nanoparticles.  First of all, the number of plasmon modes increases as the symmetry of a 
nanoparticle decreases.  For example, the spectrum of a spherical nanoparticle has only 
one strong dipole mode while the spectrum of a NR possesses two strong modes 
including the longitudinal and transverse resonance.25,63  Compared to a sphere, a rod has 
less symmetry, leading to different polarization in different directions.  A similar trend 
has also been observed in the spectra of a bipyramid and octahedral nanoparticle.12 
Multilploar modes appear in addition to dipole excitation.  Secondly, the position of the 
plasmon resonance can also be tuned by changing the shape of the nanoparticles.  For a 
NS and a nanocube of similar size, the dipole peak of a nanocube is red-shifted 100 nm 
relative to that of the sphere.  Schultz and coworkers reported a study of shape effects in 
the plasmon resonance of Ag nanoparticles.64  In their work, they observed the dipole 
peak blue shifting when a triangular NP lost its sharp corners by heating.  The sharp 
corners of the nanoparticles allows for greater charge separation during the dipole 
oscillation, producing a reduced restoring force and the result is a longer resonance 
wavelength.65  Finally, nanoparticle shape can also affect the intensity of scattering and 
absorption.  Strong scattering and absorption are produced by the formation of a strong 
dipole on the nanoparticles which completely depends on the nanoparticle symmetry.  
For nanoparticles with centrosymmetric shapes such as spheres, cubes, and octahedrons, 
a strong dipole can be easily formed from the charges concentrating on the opposite side 
of the nanostructures.  However, other factors like size may play a more prominent role 
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in the magnitude of the scattering and absorption cross sections of a nanoparticle instead 
of geometry.  
 
1.4.2 Coupled Dimers 
One of the main driving forces pushing the development of synthetic 
methodologies for assembling nanostructures is the unique optical properties of coupled 
nanostructures.  Electromagnetic field enhancement at the junction of the coupled 
nanoparticles is one of the most important and widely applied properties.  The 
applications include optical sensing,66-69  single-molecule detection by surface-enhanced 
Raman spectroscopy (SERS),70-74 and wave-guiding of light.75,76  Even the most simple 
coupled nanostructure, NS dimers, have very unique optical properties due to the strong 
surface plasmon coupling.  As a byproduct of nanoparticle assembly, the junctions 
between two adjacent metallic nanoparticles can concentrate light and result in highly 
intense electromagnetic fields.  Electrodynamic calculations show the intensity of the 
junction depends strongly on the polarization direction of the incident light.  To 
understand in depth how two nanoparticles couple, we have to discuss plamson 
hybridization theory.  
Plasmon hybridization theory: The simplest description of the interaction 
between two adjacent nanoparticles is the coupling of two nearby dipoles.  The 
interaction energy is determined by the magnitudes of the dipole moments and the 
interparticle distance.77,78  The coupling energy is strong enough for two close metal 
nanoparticles to affect their original resonance frequencies, resulting in red and/or blue 
shifts in the LSPR frequency.  Two dipoles of interacting metal nanoparticles can be 
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represented by two orbitals of an atom.  The plasmonic coupling of two nanoparticles can 
be viewed as hybridization of two orbitals.  Plasmonic modes generated from coupled 
nanoparticles are analogous to hybrid orbitals formed from the hybridization of atomic 
orbitals upon bonding.  This analogy provides a simple way to understand how plasmon 
oscillations from individual nanoparticles interact in a coupled nanostructure.  Plasmon 
coupling models have been established based on electrodynamic theory and compared to 
experimental spectra of coupled nanostrucutures.  In the work of several groups, orbital 
hybridization theory has been used to simulate plasmon coupling.79,80  
The dimer is the simplest configuration of two coupled metal nanoparticles, which 
can be formed from those with identical (homodimer) or different (heterodimer) size, 
shape, or composition.  In the case of a NS homodimer as shown in Figure 1.1A, the 
plasmon resonances of the two interacting metal spheres can hybridize either in-phase 
(symmetric) or out-of-phase (antisymmetric).  When the polarization direction of incident 
light is parallel to the interparticle axis (longitudinal polarization), the in-phase 
hybridization produces a lower-energy LSPR band (σ type) which gives rise to an 
enhanced electric field and a red-shifted plasmon frequency.  The out-of-phase coupling 
of dipoles (σ* type) is spectrally dark due to a zero net dipole moment resulting from the 
cancellation of the equal but oppositely oriented dipoles on the two coupled 
nanoparticles.  However, when the polarization direction is perpendicular to the 
interparticle axis (transverse polarization), the in-phase coupling produces higher-energy 
LSPR band (π* type), and the out-of-phase combination (π type) is spectrally dark due to 
the cancellation of dipoles.  Hence, only head-to-tail (σ) coupling under longitudinal 
polarization and side-by-side (π*) coupling under transverse polarization are observed in 
the LSPR spectra which is represented by a large red-shifted frequency and relatively 
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small blue-shifted frequency, respectively.  These interactions are known as dipolar 
coupling.  Higher order multipoles can also be observed in the case of large or more 
complex coupled nanostructures.  When it comes to NS heterodimers (Figure 1.2 B), the 
coupling is more complicated since the coupling of heterodimers breaks the symmetry 
and results in incomplete cancellation of oppositely oriented dipoles on the two particles 
in out-of-phase modes (σ* and π).  They are not spectrally dark any more. For scattering 
of unpolarized light, four modes should be observed with varied intensity, theoretically.  
However, out-of-phase modes are often too weak to be observed in experiments. 
Symmetric coupled nanostructures: The optical properties of various 
homodimers, such as NS-NS nanoshell-nanoshell, and nanocube-nanocube pairs, have 
been previously simulated and, in some cases, compared to experimental observations.81-
84  Jain et al. fabricated various nanodisc homodimer pairs with controlled spacing and 
orientation by electron beam lithography (EBL), allowing them to derive a plasmon ruler 
equation to estimate the distance between particles based on the shift in the plasmon 
band.85  The optical properties of Au NR (NR)-Au NR homodimers, arranged side-to-
side, end-to-end, or perpendicular to one another has been studied experimentally and 
theoretically, showing a large dependence on the specific arrangement.80,86  Yang and co-
workers used EBL to fabricate well-controlled triangular nanoprism dimers and trimers 
and used a combination of transmission electron microscopy and electron energy loss 
spectroscopy to provide high resolution plasmon maps of these structures, which were 
then compared to electrodynamics simulations.87,88  
Asymmetric coupled nanostructures: While not as common, there are also 
studies of plasmonic heterodimer coupling, showing new physical effects not observed in 
homodimers.  For example, Halas and co-workers prepared size-mismatched Au NS-NS  
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and shaped mismatched Au NS-Au nanoshell structures by an electromigration assembly 
method, observing avoided crossing behavior, Fano resonances, and asymmetric 
scattering properties.1  Size-mismatched Ag NS-Ag NS and composition/size- 
mismatched Au NS-Ag NS structures have been synthesized to study the effect of 
symmetry breaking and allow observation of the out-of-phase plasmon mode in single 
dimers.78  Sannomiya et al. optically detected single binding events of small Au NSs 
attaching to larger Au NS through DNA hybridization.89  Pedro et al. examined the 
plasmonic hot spots of an Ag nanowire-Ag nanocube dimer configured face-to-face and 
face-to-edge and compared the enhancement factors for SERS applications.2  A dimer 
comprised of a small Ag nanocube on a much larger Au microplate has been synthesized 
as a promising SERS substrate.90 
 
1.4.3 Larger Assemblies 
There are also several theoretical and experimental studies describing the optical 
properties of larger multi-nanoparticle homostructure and heterostructure aggregates.  
Mirkin and co-workers exploited the different optical properties of aggregated Au NSs 
compared to well-isolated Au NSs as a means to detect ss-DNA targets in solution 
colorimetrically.  The strong coupling between aggregated Ag NSs leads to strong 
plasmon fields for single molecule SERS detection as another application of coupled 
aggregates.72,73  
More recently, there have been a number of studies describing the optical 
properties of core-satellite nanostructure aggregates.91,92  These are heterostructures 
involving one type of nanostructure as the core and several of another type of 
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nanostructure surrounding the core as satellites.  For example, shape-mismatched Au NR-
Au NS core-satellite structures were prepared by selectively binding the Au NSs 
completely around the Au NR, but also selectively to the ends or the sides.93  Core-
satellite nanoassemblies with 50 nm Ag NS cores and 13 nm Au NS satellites linked by 
alkanedithiols have been prepared to understand plasmon coupling between 
compositionally heterogeneous nanoparticles, where the number of satellites varied and 
the distance ranged from 0.7 to 2.3 nm.94  Quantitative analysis showed the LSPR band 
shifted 1.6±0.1 nm/satellite NS for the Au NS core, which is consistent with theoretical 
studies by Lee and coworkers.95  Using generalized multiparticle Mie (GMM) theory, 
they predicted an approximately 1 nm red-shit per satellite NS for a 100 nm-20 nm Au 
NS-Au NS core-satellite assembly system.   
 
1.4.4 Simulation Methods 
A number of computational methods have been employed to simulate the 
electromagnetic wave propagation and scattering for nanoparticles including the finite 
element method (FEM),96 finite difference time domain method (FDTD),97 and the 
discrete dipole approximation (DDA).80  Each approach has advantages and 
disadvantages.  In this thesis, only the DDA method has been used to simulate the LSPR 
spectra of single NP and NP/NS assemblies.  The main advantage of the DDA method is 
that it is one of the most general methods, having a very broad range of applicability, 
limited only by available computational power.  The other advantages include its relative 
conceptual simplicity, ease of use, and availability of public domain software. 
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The DDA method is a general method to simulate scattering and absorption of 
electromagnetic waves by targets of arbitrary geometry.  Initially the DDA was proposed 
by Purcell and Pennypacker98 and further developed by Draine and coworkers, who 
popularized the method by releasing a publicly available computer code DDSCAT.99  
Simply stated, the DDA is an approximation of a larger object in terms of a finite array of 
discrete dipoles.  The dipoles can interact with one another as well as the electric fields. 
A nanoparticle is represented by N polarizable dipoles arranged on a cubic grid.  The grid 
spacing can restrict the size of the dipoles.  Smaller grid spacing yields more dipoles and 
more structurally accurate representations of a nanoparticle while setting a higher 
requirement for the computational power. 
 
1.5 LSPR Sensing with Metallic Nanostructures 
The existence of the localized surface plasmon resonance (LSPR) is the ultimate 
reason for the interesting optical properties of metal NPs.  For Au and Ag NPs, they 
exhibit a strong extinction band in the UV-visible and near IR region, which makes them 
highly desirable materials for various optical applications.56  The LSPR spectrum 
depends upon the shape, size, and composition of the nanoparticle, but also on the RI of 
the surrounding media and the interparticle distance of coupled nanoparticles.100,101  The 
latter two effects are exploited for sensing applications.  The shift in the  LSPR maximum 
wavelength (Δλmax) of metal nanoparticles upon binding of analyte to the metal surface is  
determined by the following equation:54 
max = (Sλ/Vs)[RI*N*VA]                Eq 1.2 
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Here, Sλ is the global RI sensitivity (in nm/RIU or eV/RIU), Vs is the sensing volume, 
RI is the change in the RI, N is the number of adsorbed analyte molecules, and VA is the 
volume of one molecule.  As can be seen from equation 1.2, an increase in the RI of the 
binding molecule relative to the initial RI of the environment will result in a red shift in 
the LSPR band.  A decrease will result in a blue shift.  An increase in the analyte volume 
relative to the nanostructure sensing volume will increase the magnitude of the shift.  For 
sensing applications, the magnitude of the shift in λmax is monitored to quantitate the 
analyte.  In order to improve the LSPR sensitivity, we can increase the number of 
molecules in the sensing volume, or increase the RI difference between the attached 
molecules from the initial environment.  
Besides the size, shape, and composition of nanoparticles, the initial λmax also has 
a great effect on the magnitude of the shift in the LSPR peak.102,103  As the initial max 
increases, the width of the LSPR band might also increase.  The figure of merit (FOM), 
instead of relative shift, serves as a standard measure for assessing a nanoparticle’s 
sensing potential because FOM takes the spectral line width into consideration.  FOM is 
defined as follows:104 
 
FOM = m(eV RIU-1)/fwhm(eV)                      Eq 1.3 
Here, m is the linear regression slope for the refractive index dependence and fwhm is the 
full width of the plasmon band at half maximum.  Some nanoparticles exhibiting very 
large LSPR shifts have very broad resonance, which would lower the FOM.  A narrow 
band is desirable since for a given shift in the peak position a larger change in signal will 
be detected comparing to a broad band. 
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1.5.1 Bulk RI Sensing 
LSPR sensing applications of nanoparticles are based on the fact that the changes 
of dielectric constant of surrounding media of nanoparticles results in measurable shifts 
in their LSPR peak position.  Bulk RI sensing is to measure the shifts caused by the 
change of the bulk medium surrounding the nanoparticle.  For local RI sensing, the shifts 
caused by molecules binding on the metal nanoparticle surface are monitored.  
Ensemble particles: In solution based sensing experiments, nanoparticles are 
first dispersed in a solution with a known RI value.  The spectra of the nanoparticles in 
solution are collected by a UV-vis spectrometer in transmission mode.  The LSPR peak 
position is monitored in solutions with different RI. Pal and coworkers studied the effects 
of solvent and ligands on their LSPR peak positions of Au nanoparticles dispersed in 
solution.105  They found that λmax of the Au nanoparticles has a strong dependence on the 
value of the RI and chemical nature of the surrounding solvent.  When the solvent has no 
specific interaction with the surface of the Au nanoparticles, there is a linear relationship 
between the LSPR peak shift and the RI of the solvent.  They also found that the λmax of 
the LSPR shifted ∼3 nm for every one carbon atom in the carbon chain of alcohols 
surrounding the nanoparticles.  Nanoparticles with different geometric shapes show 
different LSPR sensitivity in solution.  There was a systemic study of the shape effect of 
Au nanoparticles on their RI sensing by Chen et al.106  In their study, Au nanoparticles of 
different shapes including NS, nanocubes, nanobranches, NRs, and nanobipyramids, were 
dispersed into water-glycerol solutions, whose RI was adjusted by changing the volume 
ratio of water and glycerol.  For each shape, a plot of LSPR peak position as a function of 
RI of the surrounding medium revealed that the RI sensitivities were greatly dependent 
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on the shape of the Au nanoparticles.  The LSPR sensitivities generally increase as the 
Au nanoparticles become more asymmetric and their edges become sharper.  Their 
experimental results show that spherical nanoparticles have a smallest RI sensitivity of 44 
nm/RIU, while branched nanoparticles possessed the largest LSPR sensitivity of 703 
nm/RIU.  
Lithographically-fabricated nanostructures have been widely used in LSPR 
sensing experiments such as arrays of nanodiscs, nanoprisms, and nanorings.  Ordered 
arrays of Au nanodiscs have been fabricated on substrates by colloidal lithography to 
study their optical properties.107  The LSPR sensitivity of the nanodisk arrays was 
investigated by varying the RI of the surrounding solvent.  The experimental results 
demonstrated that the optical properties and sensing capabilities of nanodiscs can be 
easily tuned by changing their shape and size.  NSL fabricated Ag nanoprism arrays were 
employed in exploration of their LSPR sensitivity to RI change of their surrounding 
medium.108  A Au nanoring is another nanostructure fabricated directly on substrates by 
colloidal lithography and was used in chemical and biosensing.109  The nanoring 
structures showed excellent capability in both bulk RI sensing and local sensing. 
Single particles: Along with remarkable progress of nanoplasmonics over the 
past 10 years, single plasmonic nanoparticle sensors have introduced a completely new 
dimension to the sensing scale.  The extension of LSPR sensing techniques to the single 
nanoparticle limit provides several important improvements that will enable new 
nanoscale sensing experiments.  First, the absolute detection limit is dramatically reduced 
due to the small scale signal transducer.  The sensitivity of single nanoparticle LSPR 
spectroscopy shows possibility of detecting single molecules, which is much lower than 
the instrumental resolution of typical UV-Vis spectroscopy.  Another advantage of single 
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nanoparticle sensing lies in the tiny nature without invasion to the surrounding system.  It 
is an ideal platform for in vivo quantification of chemical species and monitoring of 
dynamic processes inside biological cells.  The third advantage of single nanoparticle 
sensors is the high signal-to-noise ratio of the LSPR spectrum of individual nanoparticles.  
The scattering spectra of single nanoparticles have narrow line width compared to the 
extinction spectra of ensemble nanoparticles.  Optical studies of single metal particles can 
date back to last century.  Only until the recent 10 years, dark-field microscopy has been 
extensively involved in the study of individual metal nanoparticles.  Rayleigh scattering 
spectra from single particles can be easily measured by coupling a dark-field microscope 
to a spectrometer and a CCD camera.  Schultz and Feldmann reported their spectroscopic 
studies of single metal particles for the first time in 2000.110,111  
Dark-field microscopy, as opposed to bright-field microscopy, employs an 
illumination technique used to enhance the contrast in unstained samples.  It works by 
illuminating the sample with light that will not be collected by the objective lens, and 
thus will not form part of the image.  This produces the classic appearance of a dark, 
almost black, background with bright objects on it.  In this technique, white light from a 
halogen lamp is sent through a high numerical aperture (NA) dark-field condenser to 
illuminate the sample.  In the center of this dark-field condenser, there is a circular 
opaque piece blocking some light from the light source, leaving a hollow cone of light 
directly transmitted and focused at the sample.  Most of the light is directly transmitted, 
while some is scattered from the sample.  The directly transmitted light simply misses the 
objective lens and is not collected.  The scattered light from the sample (e.g. 
nanoparticles) is collected through a variable NA 100X oil immersion objective.  The NA 
of the objective is set to 0.5 which is lower than NA of the dark-field condenser (0.95).  
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The scattered light is then sent to a spectrometer and charge coupled device (CCD) 
camera and detector (Figure 1.3).  Because the light transmitted through the condenser is 
not collected by the objective, only the light scattered by the nanoparticle is viewed, 
producing a dark-field image of the nanoparticles as a black background with some bright 
spots as shown in Figure 1.4, which is a Rayleigh scattering dark-field image of some Au 
NPs on a glass substrate with 100X oil objective lens.  Nanoparticles with a different size 
and geometry scatter light at different wavelengths, which results in the different color 
dots in the image.  
The sensitivity of single nanoparticle sensors usually is tested by immersing the 
nanoparticles into solvents with different RIs.  The LSPR sensitivity is recorded as a 
wavelength shift in nm per RI unit (nm/RIU).  The first report on investigation of 
plasmon resonance peak shifts due to RI changes of the surrounding solvents (oil) was 
described by Schultz and coworkers.64  In their study, they first collected scattering 
spectra for many individual Ag nanoparticles and then measured the spectral changes 
corresponding to the index of covering index oil with RI value from 1.44 to 1.56.  They 
determined that the average red shift for blue particles (usually spheres) was 1.6 nm per a 
change of 0.01 in index which is 160 nm/RIU unit.  This is a very good demonstration of 
high sensitivity of single nanoparticle sensing.  Later, the work from the Van Duyne 
group showed similar sensitivity of single spherical Ag nanoparticles, which is 
161nm/RIU.112  Instead of immersing Ag nanoparticles in index oil, Van Duyne and 
coworkers placed their samples in a flow cell and covered it with organic solvents of 
different RI.  Their research also showed that the shape of the nanoparticle can affect the 
RI sensitivity.  More recently, Murray and coworkers published their experiment results 
on the study of LSPR sensitivity to bulk and local changes in the environment.113  Au 
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Figure 1.3 A) Apparatus for measuring dark-field scattering. B) Diagram showing the conical 
illumination.  Yellow lines represent transmitted light missing the objective and green lines 
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Figure 1.4 Dark-field microscopy images of Au nanoparticles on a glass slide at 100x 
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nanoparticles were exposed to both nitrogen gas and methanol solvent and the 
corresponding LSPR band position measured to study RI sensing. 
 
1.5.2 Local Detection of Molecules 
Ensemble particles: Ghosh et al. studied the ligand binding effects on the LSPR 
of gold colloids.105  In their study, they explored the response of LSPR with the changes 
in RI induced by the ligand binding events to the Cetylpyridinium chloride-stabilized 
gold nanoparticles.  They found that functionalized gold nanoparticles could detect 
changes in RI induced by analyte binding events.  Higher aspect ratio nanostructures like 
NRs were used to perform local sensing measurements in solution.114  It has been 
reported that small changes in the aspect ratio of a Au NR leads to drastic changes in 
their optical properties.  Au NRs with different aspect ratios were functionalized with 
different receptors and mixed up in a solution.  The LSPR spectra of this colloidal 
solution exhibited three pronounced dipole peaks, corresponding to NRs with three 
different aspect ratios.  Upon the complementary bonding of target molecules to different 
receptors on the NRs with different aspect ratio, a red shift in the corresponding LSPR 
peak occurred.  This was the first application of Au NRs in multiplex biosensing.  
Besides nanoparticles in solution, nanoparticles immobilized on substrates are 
also good biosensors for monitoring analyte binding events.  For example, the well-
known model biotin-streptavidin has been used to show the LSPR sensitivity of gold 
nanoparticles on glass substrates.35  In these experiments, biotin was attached to Au NSs 
previously immobilized on glass through organic linkers.  A red shift in the plasmon band 
was observed upon the binding of streptavidin molecules in the UV-Vis spectrum.  With 
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the optimized Au NS size, a detection limit of 0.83 nM streptavidin was achieved.  Au 
and Ag NSs immobilized on glass substrates have also been used to monitor antigen-
antibody recognition events.  Antibodies (e.g. Human serum albumin) were attached to 
the metal nanoparticles, and the antigen (e.g. anti-human serum albumin) recognition was 
monitored via the red shift of light absorption when this binding event occurs.115  In our 
group, NPs grown on glass were applied in LSPR sensing of anti-immunoglobulin G.21  It 
has been reported in this study that the binding location of proteins on NPs has a great 
effect on the LSPR sensing.  The sharp region like edges of the NP exhibits higher 
sensitivity than flat terrace areas.  Apart from colloidal nanoparticles, a number of 
biosensing applications of Ag nanoparticles fabricated by NSL methods have been 
reported.  Ag nanoprism arrays are also very useful in monitoring binding events at the 
surface of Ag surfaces.116  Yonzon and coworkers studied the association and 
dissociation constants of concanavalin A molecules binding to monosaccharides absorbed 
on Ag nanoprism arrays.  More recently, it has been reported that Ag nanoprism arrays 
were applied to detect biomarkers for Alzheimer’s disease in biological samples.7 
Single particles: Most studies about single particle sensing focus on application 
as biosensors since the single particle sensor could be used as a tiny probe to collect local 
biological information in biological tissues or in living cells on a nanometer scale.  
Typical biosensing utilizes the resonance shift due to the local RI change upon 
bimolecular adsorption.  The current research of single particle biosensing has already 
shown a wide variety of applications that mostly take advantage of their uniquely small 
sensing volume and non-invasive nature to biological systems.  The sensing scale is now 
reaching countable numbers of molecules.117-119 
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Molecular adsorption biosensors were developed based on molecular adsorption 
on the nanoparticle surface and resulting LSPR shifts.  Real-time biomolecular adsorption 
on a single particle was first shown in 2003 by Raschke et al.  In their work, Au 
nanoparticles were functionalized with biotinylated bovine serum albumin to selectively 
detect streptavidin with a detection limit of a few hundred streptavidin molecules.  
Compared to a spherical nanoparticle, single NR sensors have shown larger resonance 
shifts upon molecular adsorption.120  Using single NRs with optimal aspect ratios, a 
sensitivity of 1 nM has been achieved for streptavidin detection. Individual NRs have also 
been used to locally monitor protein adsorption on biological membranes of lipid 
bilayers.121  Minimizing the detection number of analytes becomes a true advantage over 
ensemble measurements.   
The ultimate goal of biosensing is to detect a single binding or unbinding event.  
To achieve this goal, there are still many difficulties since the increase in RI by a single 
molecule binding is very small.  Many efforts have been made to increase the signal-to-
noise ratio by using sharp edged particles with higher sensitivity such as nanoprisms or 
nanostars, or high RI analytes with some labels.  The detection of single binding events 
by monitoring the LSPR peak shift has been reported by Sanomiya et al. using labeled 
nanoparticles.89  The strategy was to immobilize 100 nm gold particles on a substrate and 
then functionalize them with cDNA strands.  Stepwise LSPR peak shifts have been 
observed when DNA molecules labeled with 20 nm gold nanoparticles bind to cDNA at 
the single event level.  To date, no label-free single molecule adsorption process has been 
experimentally observed with resonance-shift based sensing.  Only theoretical 
calculations show that it is possible to push the resonance shift caused by singe molecule 
adsorption to a measureable range using particles with sharp edges or assembled 
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particles.122,123  Instead of adsorption dynamics of single molecules, single molecule 
desorption of antibodies from the tips of plasmonic bipyramids has been achieved.124 
 
1.6 Summary and Accomplishments 
Chapter III contains results and discussion on the effect of NS location on the 
LSPR shift when attaching to a NP.  Chapter IV shows the effect of NS size on the LSPR 
shift when coupling with a NP.  Chapter V investigates the effect of the organic ligand 
used to link the Au NS to a NP on the LSPR spectra pattern and shift.  Chapter VI 
compares the sensitivity of different shaped NPs, including triangular, hexagonal, and 
circular NPs and RI sensing using LSPR spectroscopy.  Chapter VII provides a summary 
of this research and future directions.  With the development of a strategy to correlate the 
dark-field light scattering spectra of individual nanostructures with SEM and AFM 
images of the same nanostructures, we were able to investigate several interesting optical 
properties of coupled NP/NS structured as well as the factors that affect the coupling, 
including attachment location of the NS on the NP, the size of the NS, and the organic 
ligands linking the NS and NP.  The NP/NS coupling is important in amplifying LSPR 
sensing signals and improving SERS sensitivity.  We studied location dependent 
properties of NP/NS coupling, which could be used for spatial 3D sensing.  The effect of 
NS size has been investigated and is important for LSPR sensing amplification and 
molecular ruler applications.  The effect of linkers is also important in both fundamental 
studies of coupled nanostructures and their applications.  RI sensing with different NPs 
provides useful information for LSPR sensing.  This research provides fundamental 
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information about the optical properties of asymmetrically coupled NP/NS assemblies 
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CHAPTER II 
 EXPERIMENTAL 
2.1 Chemicals and Solutions 
Citric acid trisodium salt, L-Ascorbic acid (99%), sodium borohydride (98.5%), 
cetyltrimethylammonium bromide (CTAB, 95%), mercaptopropyltrimethoxysilane 
(MPTMS, 95%), 1-hexanethiol (1-HT, 95%), 4-aminothiophenol (4-ATP, 97%), 
Cystamine dihydrochloride (96%), Hydrogen peroxide solution  (30 wt. % in H2O), 
isopropanol (IPA, 99.9%), ethyl alcohol (ACS/USP grade), and acetone (ACS/USP 
grade) were purchased from Sigma-Aldrich. HAuCl4*3H2O was synthesized from 
metallic Au. 0.01 M of HAuCl4 solution was prepared by dissolving solid HAuCl4*3H2O 
into nanopure water (Barnstead, resistance ≈ 18 MΩ.cm) and used for the synthesis of the 
Au nanospheres (NSs) and nanoplates (NPs).  All other aqueous solutions were also 
prepared with nanopure water.   
Aqua Regia: Aqua regia solution is a highly corrosive mixture of concentrated 
nitric acid (HNO3) and hydrochloric acid (HCl), with a volume ratio of HNO3: HCl = 1:3.  
It is used for cleaning Au from the glassware and stir bars.  The glassware and stir bars 
were put in fresh aqua regia solution for 30 minutes, and then rinsed thoroughly with 
deionized water and nanopure water. 
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2.2 Substrates  
Silicon: Air-oxidized silicon substrates (Si/SiOx) were purchased from Silicon 
Quest International (San Jose, CA).  Si/SiOx was cut with a diamond pen and cleaned in 
acetone (20 min), ethanol (20 min), and IPA (20 min) by ultra-sonication, and dried 
under N2.  These substrates were used for growing metal nanostructures directly on them 
in this research. 
Glass: Glass slides were purchased from VWR.  Glass substrates with etched 
number markings were prepared using photolithography followed by a buffered oxide 
etch in the University of Louisville Micro Nano Technology Center.  Glass slides were 
used to grow the metal nanostructures directly on the surface for single particle dark-field 
scattering studies.  Glass slides were cleaned using the same procedure as silicon.  
 
2.3 Synthesis of 3-5 nm Diameter Gold Nanosphere (NS) Seeds.   
Small 3-5 nm diameter Au NSs, termed “Au seeds” were synthesized by adding 
0.6 mL of ice cold 0.1 M NaBH4 to 19 mL of an aqueous solution of 2.5 x 10
-4 M 
trisodium citrate  and 2.5 x 10-4 M HAuCl4*3H2O under stirring.  The Au seed solution 
was used to synthesize Au NPs 2 h after their preparation as described in section 2.6.   
 
2.4 Preparation of 25 nm Diameter Citrate-Stabilized Au NSs. 
25 nm diameter citrate-stabilized Au NSs were synthesized by adding 10 mL of a 
1% trisodium citrate solution to 100 mL of a boiling 2.5 x 10-4 M HAuCl4*3H2O 
solution.  The mixed solution was kept stirring and boiling for 1 h and cooled down to 
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room temperature with stirring before use.  The 25 nm diameter Au NS solutions were 
used 1 h after preparation. 
 
2.5 Preparation of ~ 51 nm and ~ 13nm Diameter Citrate-Stabilized Au NSs. 
Au NSs with sizes ~ 51 nm and ~ 13nm were synthesized using the procedure 
described by Wang and coworkers to chemically synthesize quasispherical, citrate-
stabilized Au NSs via H2O2 reduction of HAuCl4.
125  Briefly, 100 μL or 20 μL of 1 wt % 
HAuCl4·3H2O was added to an aqueous solution containing 4.90 mL of nanopure water, 
respectively.  Following the addition of HAuCl4·3H2O, 25 μL of 1 wt % citrate was 
added into the solution under stirring.  Then 5 mL of 30 wt % H2O2 was injected and 
followed by the immediate addition of 10 μL or 20 μL of 4 nm diameter Au seeds while 
stirring for 51 nm or 13 nm NSs synthesis. 
 
2.6 Substrate Functionalization.   
After cutting and cleaning by 3 different solvents, glass and Si/SiOx slides were 
functionalized with 3-mercaptopropyltrimethoxysilane (MPTMS) by soaking in a 
solution of 10 mL of IPA, 100 L of MPTMS, and 4 drops of water at a temperature of 
95 °C for 30 minutes.  After cooling down to room temperature, samples were rinsed 
thoroughly with IPA and dried under N2. 
 
2.7 Synthesis of Au NPs Directly on Glass Surfaces with Optimal Size and Coverage.   
Au nanostructures were synthesized directly on the glass slides using a seed-
mediated growth procedure reported by our group recently as shown in the Scheme in  
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Figure 2.1,21 but with a small modification designed to decrease the size and density of the 
NPs on the surface so that they would be amenable to single nanoparticle dark-field 
scattering studies.  The glass slides were first functionalized with 3-
mercaptopropyltrimethoxysilane (MPTMS) as described in 2.5.  After rinsing thoroughly 
with 2-propanol and drying under N2, the MPTMS-functionalized slides were then placed 
into a 1:10 diluted solution of Au seeds for 5 min, rinsed with Nanopure® water, and 
dried under N2.  Next, the samples were placed into a Au growth solution containing 9.0 
mL of 0.1 M cetyltrimethylammonium bromide (CTAB), 450 µL of 0.01 M 
HAuCl4*3H2O, and 50 µL of 0.1 M ascorbic acid for 5 min, followed by rinsing with 
Nanopure® water, and drying under N2.  In our previous work, we placed them in a 
growth solution for 1 h, which led to much larger Au NPs that are unsuitable for our 
single-nanoparticle scattering studies because of their broader, more red-shifted and 
complex scattering peaks.  Following growth, the nanostructures on the glass slides 
contain a mixture of Au NPs and Au NSs.  The NSs and some NPs were removed by 
sonication for 10 min.  This procedure led to samples with >90% Au NPs at a low area-
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Figure 2.1 A schematic illustration of the growth of Au nanostructures directly on the surface of 
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2.7.1 Optimization of Au NP Coverage for Single Particle Dark-Field (DF) 
Scattering. 
 Using the previous procedure reported by our group to grow Au NPs, the 
coverage of NPs is very high and there is not enough spatial resolution to collect 
scattering from a single NP.  Two parameters have been investigated to get the optimal 
coverage of Au NPs, the concentration of Au seed solution and the soaking time in Au 
seed solution.  The fresh made Au seeds solution have a concentration of 2.5 x 10-4 M.  
The coverage should be reduced by diluting the seeds solution in a 1:2 and 1:10 ratio with 
nanopure water.  Dark-field microscopy (DFM) and scanning electron microscopy (SEM) 
images were analyzed to get the Au NPs coverage with optimal spatial resolution.  The 
results show that Au NP samples synthesized from 1:10 diluted Au seeds solution gives 
the optimal coverage.  Based on the DFM images of Figure 2.2 A and C, we can see that 
the NPs were too crowded to resolve individual NPs without dilution of the Au seeds 
solution.  After dilution, most of the NPs were well separated by DFM.  Statistical 
calculations show that there are 25 NPs in a 15 μm × 15 μm area for samples without 
dilution and 10 NPs with dilution which is 2.5 times less NPs.  The synthesis with Au 
seeds diluted by 1:10 was adopted in the synthesis of all Au NP samples for all single 
particle scattering experiments in this research. 
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Figure 2.2 Dark-field and SEM images of Au NP samples synthesized from Au seeds 
solution without dilution (A and B) and with 1:10 dilution (C and D).  Scale bars in DF 
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2.7.2 Optimization of Au NP Size for Single Particle DF Scattering. 
After the optimization of Au NP coverage, there is enough spatial resolution for 
performing single NP scattering measurements.  However, after dilution the Au NPs were 
mostly hexagonal and ~500 nm wide (Figure 2.2D) as compared to being mostly 
triangular and ~100 nm wide without dilution (Figure 2.2B).  This is due to the larger 
ratio of AuCl4
- ions relative to the Au seeds on the surface which leads to larger grown 
NPs as expected.  Triangular shaped Au NPs can convert to hexagonal shapes when 
grown larger.  The scattering spectrum of a single nanoparticle will become broadened 
dramatically well above the size of 100 nm.126  In order to control the size of NPs around 
100 nm with low coverage still, the growth time of the samples was reduced from 60 min 
to 5 min.  As a result, the size of the Au NPs decreased from around 500 nm to 100 nm 
(Figure 2.3 A and C).  NPs as large as 500 nm in width have a broad dipolar plasmom 
band and many other higher order modes not observed in other smaller NPs as shown in 
Figure 2.3 B which agrees with observations in the literature.127  In contrast, NPs with 
widths around 100 nm have a much narrower dipolar peak without the appearance of high 
order modes.  The optimized time in growth solution for the synthesis of NPs was 
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Figure 2.3 SEM images and scattering spectra of Au NPs samples synthesized in growth solution 
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2.8 Attachment of 25 nm Au NSs to Au NPs via Organic linkers. 
2.8.1 The pH Value of 4-ATP Monolayer Protonation. 
One of the most popular strategies to assemble nanostructures is the utilization of 
bi-functional organic linkers such as dithiol and aminothiol, since both of these organic 
molecules have two terminal groups which can attach to the Au surface under certain 
experimental conditions.  4-ATP is a good bi-functional organic ligand that allows the 
coupling of citrate-coated Au NSs to Au NPs, since it has a thiol group that attaches well 
to the Au NPs and the NH2 group that, when protonated as NH3
+, allows electrostatic 
attachment of negatively-charged, citrate-coated Au NSs.  The pH value of the Au NS 
solution dictates the level of NH2 protonation on 4-ATP and has a large impact on NS 
attachment.  The original prepared 25 nm Au NS solution has a pH value around 5.5.  
The surface coverage of Au NSs on a 4-ATP-modified Au planar electrode is only about 
10 particles over a 500 nm × 500nm area by soaking the electrode in a Au NS solution at 
pH 5.5.  When the pH decreased to 4.8, the coverage increased dramatically from tens to 
hundreds which can be easily seen in the SEM image in Figure 2.4.  There are around 
300 NSs over a 500 nm × 500 nm planar Au surface by soaking the planar Au in a Au NS 
solution at pH 4.8. 
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Figure 2.4 SEM images of NSs attached to a planar Au film surface by soaking in a Au NS 
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2.8.2 Ozone Cleaning of Au NP Surface  
When the substrate is changed from a planar Au film to freshly synthesized Au 
NPs, only the edge of plates show attachment of 25 nm diameter Au NSs after soaking in 
5 mM 4-ATP overnight and then soaking in the Au NS solution at pH 4.5 for 30 min 
(SEM image in Figure 2.5 A).  It seems there is something on the NP surface which 
hinders the attachment of Au NSs there.  Au NPs were prepared by a seed-mediated 
growth method in which cetyltrimethylammonium bromide (CTAB) is widely used as a 
shape-directing surfactant.  It has been reported that when using the same method to 
synthesize Au NRs, the CTAB surfactant selectively forms a densely packed dynamic 
layer around the sidewall of a growing Au NR with its two ends free from CTAB.  The 
densely-packed CTAB layer obstructs thiol molecules from accessing the Au surface to 
bind to the Au through a strong covalent Au–S linkage.  For this reason, thiol molecules 
have been attached only onto the two CTAB-free ends.128  In a similar fashion, it may be 
that  the 4-ATP attaches selectively to the edges of the Au NPs in the presence of CTAB 
and the Au NSs also selectively attach to the edge of the NPs since they bind to the 4-
ATP.  If the surface is blocked by CTAB or other organic residues, exposure to ozone for 
a few minutes should remove these organic molecules.  An experiment was performed to 
confirm this hypothesis.  Freshly made Au NP samples were placed in ozone for 10 min 
after synthesis, then overnight in 5 mM 4-ATP, and then immersed in a solution of 25 nm 
Au NSs at pH4.8 for 30 min.  From the SEM image in Figure 2.5 B, it appears that ozone 
removes some surface blockage, likely from CTAB, and allows uniform attachment of 
Au NSs over the Au NPs, including both edges and top terrace region. 
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Figure 2.5 SEM images of NSs attached to 4-ATP-functionalized Au NPs without exposure to 
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2.9 Controlled Attachment of Au NSs to the Vertex/Edge Sites of Au NPs. 
Based on the work on planar Au films and Au NPs, we used ozone cleaning and a 
Au NS solution at pH 4.8 for all experiments involving the coupling of Au NSs to Au 
NPs.  To controllably attach the NSs only to the vertex or edge sites of the NPs, we used 
a ligand-place exchange method as described by our group previously for protein 
attachment to edge and vertex sites.21  We placed the glass/Au NPs sample in a 1 mM 
ethanol solution of hexanethiol (HT) overnight.  We rinsed thoroughly with ethanol, dried 
under N2, and then exchanged the HT monolayer with 4-ATP by placing the sample into 
a 6 mM ethanol solution of 4-ATP for 1 hour.  We again rinsed thoroughly with ethanol 
and dried under N2.  The substrates were then immersed in a 10 mL solution of ~25 nm 
diameter Au NSs for 30 min, rinsed thoroughly with nanopure water, and dried under N2.  
HT ligands were assembled onto the Au NPs and then place-exchanged with 4-ATP 
ligands.  4-ATP is a good bi-functional organic ligand that allows the coupling of citrate-
coated Au NSs to Au NPs, since it has a thiol group that attaches well to the Au NPs and 
an NH2 group that, when protonated to NH
3+, allows electrostatic attachment of 
negatively-charged, citrate-coated Au NSs.  The thiol place-exchange occurs 
preferentially at vertex/edge sites of the NPs due to less steric hindrance at those sites, 
which leads to attachment of 4-ATP and subsequent binding of Au NSs to those sites.  
Figure 2.6 shows a schematic illustration of the attachment of the 25 nm Au NSs on the 
Au NP via ligand place-exchange between HT and 4-ATP.  
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Figure 2.6 A schematic illustration of the attachment of 25 nm Au NSs onto the vertex and edge 
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2.10 Controlled Attachment of Au NSs to Terrace Sites of Au NPs 
In order to selectively bind the NSs to terrace sites, the samples were first placed 
in a 1 mM ethanol solution of 4-ATP overnight, rinsed thoroughly with ethanol, and dried 
under N2.  Then, we exchanged the 4-ATP with HT by placing the sample into a 6 mM 
ethanol solution of HT for 4 h.  We again rinsed thoroughly with ethanol and dried under 
N2.  Finally, the substrates were immersed in 10 mL of a pH 4.8 solution of ~25 nm 
diameter Au NSs for 30 min, rinsed thoroughly with Nanopure® water, and dried under 
N2.  In this procedure, the original 4-ATP ligands on the Au NPs were displaced by HT 
preferentially at the side face/vertex sites, leading to the blocking of those regions from 
Au NS attachment and controlled binding of Au NSs to the terrace sites.  Figure 2.7 
shows a schematic illustration of the attachment of 25 nm Au NSs onto the Au NP via 
ligand place-exchange of 4-ATP with HT. 
 
2.11 Performing SEM on Glass Substrates 
DFM images and LSPR spectra require transparent substrates such as glass.  
However, obtaining high resolution SEM images of metal nanostructures on a glass 
substrate is challenging due to the low conductivity of glass.  When performing SEM on 
glass samples, a phenomenon called charging can happen.  Substrate charging causes a 
range of unusual effects including abnormal contrast, image deformation and shift.  More 
badly, a sudden discharge of electrons from a highly charged area may cause a bright 
flash on the screen.  These all make it nearly impossible to capture a uniform image of 
the glass sample.  Figure 2.8 shows a comparison of SEM images on a silicon substrate 
(A) and on a glass substrate (B) at the same operating conditions.  It is clear that there  
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Figure 2.7 A schematic illustration of the attachment of 25 nm Au NSs onto the terrace sites of 
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Figure 2.8 SEM images of Au NPs on silicon substrate (A) and a glass substrate (B). Scale bars in 
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was a very bad charging problem with the glass substrate as well as abnormal contrast.  
The charging problem occurs because extra electrons build up negative charge at the 
point where the electron beam hits the sample.  The level of charge is related to the 
energy of the electrons and the number of electrons.  The energy of the electrons is 
determined by the acceleration voltage, so reducing the acceleration voltage can reduce 
charging.  The number of electrons is determined by several parameters such as beam 
current, emission level of the gun, spot size, and apertures between the gun and the 
sample.  Reducing charging can also be achieved by reducing the number of electrons by 
adjusting these parameters.  
Figure 2.9 shows the comparison of SEM images of Au NPs on a glass substrate 
at different acceleration voltages.  By reducing the voltage from 15 KV to 1 KV, the 
charging has been greatly reduced.  However, the resolution is still not good enough to 
see small NSs around 10 nm.  Further reduction of the acceleration voltage to below 1 
KV is not supported by the current used in SEM.  The last option to get high resolution 
SEM images on glass substrates is to sputter coat a layer of conductive materials such as 
gold, carbon, or platinum onto the glass.  An essential prerequisite of the coating method 
is that the morphology of the nanostructures has no change before and after coating.  
Different sputtering times were tested to find the optimal coating thickness which is 
conductive enough to obtain high resolution SEM images but does not change the 
morphology of the sample (Figure 2.10).  We found that a 1 min sputtering time produces 
the optimal Pt thickness which allows high resolution SEM images for NSs on glass 
around 10 nm (Figure 2.10 E).  It has also been confirmed that there were no changes in 
the NP shape due to Pt coating by comparing test Au NPs (synthesized on Si substrates) 
before and after the same Pt coating. 
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Figure 2.9 SEM images of Au NPs on a glass substrate with SEM acceleration voltage at (A) 15 
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Figure 2.10 SEM images of Au NPs on glass substrates with a Pt coating by sputtering for (A) 10 
min, (B) 5min, (C) 3 min, (D) and (E) 1 min.  Scale bars in SEM images (A, B, C) are 2 μm and 
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2.12 Correlating SEM with LSPR Spectra 
A marker system has been developed to correlate LSPR spectra with SEM images.  
In a 1.0 μm x 5.0 μm area on glass slides, there are 3700 number markers.  Etched 
numbers on the glass slides were fabricated by photolithography, which was followed by 
a buffered oxide etch (BOE).  First, a photomask was created using the Heidelberg DWL 
66FS.  Then Fisher brand glass slides were coated with Shipley 1805 photoresist.  They 
were spun at 500 RPM for 5 seconds followed immediately by 4000 RPM for 10 seconds 
for a final coating of roughly 500 nm of photoresist.  Glass slides were then placed in the 
SUSS ABM mask aligner for 10 seconds.  After mask alignment, glass slides were 
developed for 1 minute in a MF 319 developer bath and rinsed with DI water.  The slides 
were then dropped in a bath of 1:6 BOE: DI water for 25 seconds to etch the glass. After 
rinsing with DI water, they were ready for use.  
 We first synthesized Au NPs directly on glass slides with number markers using 
the seed-mediated growth procedure described in section 2.6.  We then obtained dark-
field images of the sample near a number marker (Figure 2.11A).  In a defined region 
near the marker, we collected dark-field scattering spectra for 10-20 individual NPs 
(Figures 2.11C).  After obtaining individual scattering spectra of each NP, we sputter-
coated the glass sample with a thin 1-2 nm layer of Pt before obtaining SEM images.  
Using SEM, the same marker was identified as shown in Figure 2.11B and the same NPs 
identified near the marker as shown in Figure 2.11D.  High-resolution images were 
obtained for the determination of the size and morphology of each NP.  Now the optical 
information from the DF scattering spectroscopy and the morphology information from 
SEM were correlated together by those number markers.  
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Figure 2.11 Dark-field images (A, C) and correlated SEM images (B, D) of Au NPs on a glass 
substrate correlated by using the etched marker number 223.  Scale bars in DF and SEM images 
are 10 μm. 
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2.13 Instrumentations 
2.13.1 UV-vis Spectroscopy  
Extinction spectra of glass samples were obtained by using a Cary 50 Bio UV-
Visible spectrophotometer.  UV-vis measurements were performed routinely to 
characterize the growth of Au nanostructures on surfaces and their optical properties.  
This provided information about the size and shape of the nanostructures and optical 
changes during the ligand-exchange reactions.   
 
2.13.2 Sputter Coating Machine   
In order to obtain high resolution SEM images for nanostructures on marked glass 
substrates, a thin layer of Pt was coated to increase the conductivity of the glass.  This 
was achieved by sputter deposition using a PS2 Sputtering Unit from International 
Scientific Instruments Corporation.  Different coating times at a fixed current were tested 
to obtain the optimal thickness for the metal layer.  
 
2.13.3 Scanning Electron Microscopy (SEM).   
SEM images were obtained using a Carl Zeiss SMT AGSUPRA 35VP field emission 
scanning electron microscope operating at an accelerating voltage of 8.00 KV.  SEM 
images directly provided information about the shape, size, and structure of the NP or 
NP/NS coupled assemblies.  
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2.13.4 Dark-Field Microscopy/Spectroscopy   
Scattering spectra were collected from individual NPs or coupled NP/NS 
assemblies using resonant Raleigh dark-field scattering microscopy/spectroscopy.  Dark-
field images were obtained with an inverted Nikon Eclipse Ti microscope with a halogen 
lamp light source and a dark-field condenser (N=0.95-0.80) for sample illumination and a 
100x variable aperture oil immersion objective (N= 0.5-1.3) for collection of the scattered 
light from individual NPs or NP/NS coupled structures.  An Infinity camera from 
Lumenera Corporation was used to obtain high resolution video images for selecting 
individual particles.  The detector used for measuring light scattering intensity as a 
function of wavelength was a multichannel air-cooled CCD camera used in a Horiba 
XPLORA-Inv confocal Raman system 
 
2.13.5 LSPR Spectrum Acquisition and Process 
The following approach was used in order to acquire a single nanoparticle 
spectrum.  First, a certain area with the nanoparticles of interest was imaged and selected 
(Figure 2.12A).  Then LSPR mapping of this area was performed with a fast mode setting 
including 0.5 s acquisition times and 1 spectral accumulation (Figure 2.12B).  The LSPR 
map guarantees the accurate location of the nanoparticles of interest.  Therefore, an 
individual nanoparticle was selected on the map and moved to the center of the 
spectrometer slit.  A single LSPR spectrum was collected with a slow mode setting 
including 5 s acquisition times and 6 spectral accumulations (Figure 2.13A).  This 
process was repeated for each subsequent nanoparticle of interest.  A region where no 
particles were present was chosen for background subtraction.  A single background  
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Figure 2.12 A) Dark-field image of a selected sample area with four nanoparticles of interest. B) 
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spectrum was also acquired with the same acquisition time and spectral accumulation.  
These two spectra alone, however, were not sufficient to obtain the true scattering 
spectrum of a single nanoparticle.  The contributions from the wavelength-dependence of 
the lamp intensity and the detector readout current must be accounted for.  For the lamp 
spectra, the objective NA was increased from 0.5 to 1.3, such that the directly transmitted 
light can also be sent to the detector.  Care must be taken to not saturate the detector; to 
this end, short acquisition times were used.  The detector dark current was collected with 
the microscope light turned off.  The lamp and detector dark spectra must have the same 
acquisition parameters, but these parameters may be different than that of the particle and 
background spectra.  With all four spectra available, a single particle spectrum was 
obtained by subtracting the background spectrum from the raw particle spectrum and then 
dividing that by the difference between the lamp spectrum and the detector dark current 
(Figure 2.13B).  It is clear that the shoulder peak in the raw particle spectrum disappeared 
after going through these data processing procedures.  The LSPR band was also narrower 
and sharper than the unprocessed one due to the subtraction of the background and 
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CHAPTER III 
REGIOSELECTIVE PLASMONIC COUPLING IN METAMOLECULAR ANALOGS 
OF BENZENE DERIVATIVES 
 
In analogy with benzene-derived molecular structures, we construct plasmonic 
metamolecules by attaching Au nanospheres (NSs) to specific sites on a hexagonal Au 
nanoplate (NP).  We employ a ligand exchange strategy that allows regioselective control 
of NS attachment and study resulting structures using correlated electron 
microscopy/optical spectroscopy at the single-metamolecule level.  We find that 
plasmonic coupling within the resulting assembly is strongly dependent on the structure 
of the metamolecule, in particular the site of attachment of the NS/s.  We also uncover a 
synergy in the polarizing effect of multiple NSs attached to the NP.  Regioselective 
control of plasmonic properties demonstrated here enables the design of novel structure-
dependent electromagnetic modes and applications in three-dimensional spatial 
nanosensors. (Results have been published. Fang et al. Nano Lett., 2015, 15, 542–548) 
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3.1 INTRODUCTION 
Metal nanoparticles have received a lot of attention for their localized surface 
plasmon resonances (LSPR) for decades; in recent years, however, there has been an 
upsurge in the work on the construction of complex architectures composed of multiple 
plasmonic nanoparticles.  The level of control and complexity in such assemblies has 
been constantly improving.  The advances in this area can be thought of in the same vein 
as the synthesis of complex molecules from the chemical bonding of simpler atomic 
units.  This loose analogy is not limited to aspects of the fabrication, but also to the 
emergence of new optical properties and function in complex architectures.  For instance, 
when two metal nanoparticles are assembled, so as to be in close proximity, their dipolar 
plasmon oscillations couple via short-range near-fields, often producing new plasmonic 
modes, which can be of bonding or anti-bonding type, in analogy to concepts of 
molecular hybridization.80,129,130  Dimers of plasmonic NSs,81,131,132 nanoshells,82,84 
nanoprisms,131 nanocubes,83 and NRs80 and their hybrid plasmon modes have been 
studied.  Bonding plasmon modes, characterized by strongly concentrated electric fields 
at the dimer junction,131 have been exploited for optical sensing,66-69 single-molecule 
detection by surface-enhanced Raman spectroscopy (SERS),70-74 and wave-guiding of 
light.75,76  
An added level of complexity has been achieved by means of heterodimers of 
plasmonic nanoparticles, i.e., dimers in which the two nanoparticles are dissimilar in size, 
shape, or composition.  Heterodimers often display new coupling modes and unique 
spectral features that are not observed with homodimers,2,133 including symmetry 
breaking, appearance of otherwise dark out-of-phase hybrid modes, avoided crossing 
behavior, Fano resonances, and asymmetric scattering properties.  More recently larger 
  63 
clusters of plasmonic nanoparticles134 and multi-nanoparticle core-satellite 
nanostructures91-93,135-137 have been fabricated and studied for their plasmonic coupling as 
well as unique optical and magnetic modes that arise from inter-nanoparticle interactions.  
In this chapter, we describe a further advance in the addition of control and 
complexity to plasmonic architecture design by the construction of plasmonic 
metamolecules that resemble benzene-derived molecules.  These novel assemblies are 
designed by the controlled attachment of Au NSs to specific sites on the surface of a 
larger hexagonal Au NP, where we take advantage of past work on ligand exchange 
reactions on Au surfaces.21,138  We achieve control on both the site of NS attachment and 
the number of NSs attached. The optical properties of plasmonic metamolecules 
constructed in this manner are characterized by single-particle dark-field scattering 
spectroscopy.  Plasmonic spectra are correlated to assembly morphologies on the level of 
individual metamolecules, so as to avoid the loss of useful structure/optical property 
relationships due to ensemble-averaging over a heterogeneous sample.  
In these metamolecules, we find hitherto undescribed regioselective behavior, 
whereby the plasmonic spectrum of a NP/NS assembly is strongly dependent on the site 
of NS attachment.  NSs attached to vertices of the hexagonal NP couple most strongly to 
the NP, greatly perturbing its native LSPR response; whereas other sites are found to 
offer weaker electromagnetic coupling. The number of attached NSs and the relative 
arrangement of NSs are also found to influence the plasmonic response.  In particular, a 
positive synergy is found in the polarizing effect of multiple NSs.  In addition, 
asymmetric distributions of multiple NSs attached to the sides of the NP result in 
complex, broadened, multi-peaked spectra with large plasmonic shifts.  Thus, we 
demonstrate, in analogy to the molecular realm, that structural complexity on the 
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nanoscale leads to new properties.  The kind of regio-selective control and behavior 
described here has utility for the discovery of new emergent optical properties and the 
design of three-dimensional spatial nanosensors.134  
 
3.2 EXPERIMENTAL 
The procedures of synthesis of the Au NPs and Au NSs, the preparation of 
nanostructure assemblies via ligand-exchange reactions, and characterization by LSPR 
and SEM are described in Chapter II.  
 
3.3 SIMULATION OF LSPR SPECTRUM 
All LSPR spectrum simulation was performed by Jain group from the University 
of Illinois at Urbana−Champaign.  The discrete dipole approximation (DDA) method was 
used for the simulation of LSPR spectra of Au NPs and for studying plasmon coupling of 
Au NPs with Au NSs.  The DDA method numerically solves Maxwell’s equations for 
one or a series of arbitrarily shaped objects by discretizing each object into a cubic array 
of N polarizable point dipoles and self consistently solving for the polarizability of each 
dipole interacting with the incident field and all other N-1 dipoles.  We employed the 
open source DDSCAT 7.3.0 code from Draine and Flatau.  
The hexagonal NP target was generated via tools available on nanoHUB.org.  A 
triangular mesh description of the hexagonal geometry was generated using the open-
source 3D design tool “Blender”.  Using the “DDSCAT Convert” tool (doi: 
10.4231/D3FB4WM99), the geometry was discretized into a three-dimensional virtual 
  65 
dipole array, the input for DDSCAT.  To simulate the dielectric properties of the ligand 
shell of NPs with Au NSs attached at the side faces/vertices, a 1-nm thick layer of HT (n 
=1.448)139 was added to the surfaces of the top and bottom NP terraces and a 1-nm thick 
layer of 4-ATP (n =1.663)140 was added to the surfaces of the side faces.  Coupling 
between hexagonal NPs and NSs was simulated by attaching NSs to various sites on the 
side faces/vertices of the NP.  To simulate the dielectric properties of the ligand shell of 
NPs with Au NSs attached at the terraces, a 1-nm thick layer of HT (n =1.448) was added 
to the surfaces of the side faces and a 1-nm thick layer of 4-ATP (n =1.663) was added to 
the surfaces of the top and bottom terraces. Au NSs of 27-nm diameter were generated 
using the DDSCAT subroutine CALLTARGET and combined with the NP target.  For 
every case, the surface-to-surface separation distance between the NP and the NS was 1 
nm, i.e., the NS was in contact with the ligand shell, which is the likely scenario in 
experiments.  Note that this interparticle distance is measured along the thickness 
direction for NSs placed on the terraces and along one of the hexagonal axes for NSs 
placed on the side faces/vertices.   
In order to match experimental conditions of dark-field scattering spectroscopy, 
all target structures were excited with unpolarized light, simulated by a circularly 
polarized plane wave, unless otherwise noted. Light, incident normal to the face of the 
NP, propagated along the thickness of the NP.  In all simulations, the refractive index of 
the ambient medium was set at nm = 1.1, representative of a mixture of air (n ≈ 1) and 
glass (n ≈ 1.5).  The relative contribution of air and glass was determined by the relative 
volume fraction of each within the surrounding medium, the surrounding medium being 
defined as the additional volume when the NP dimensions were extended 50% from the 
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center of the NP along each axis.  The bulk experimental dielectric function of Au from 
Johnson and Christy was utilized for all calculations without any corrections.141  
Scattering spectra (scattering efficiency vs. wavelength) were obtained from each 
simulation.  Spectra were plotted in energy units (eV) and then fit in OriginLab to single 
or multiple Lorentzian peaks, as noted.  Peak maxima of scattering bands obtained in 
energy units (eV) were converted to wavelength units (nm).  Standard error was ca. 1 nm 
for all Lorentzian fits.  Coupling-induced LSPR shifts (∆λmax) were determined from 
wavelength maxima.  
In addition to spectra, for four of the targets (a single NP, a NP coupled with a 
single NS for two different interparticle distances, and a NP coupled with four NSs), 
near-field calculations were performed for specific light excitation conditions, i.e., 
wavelength and polarization.  These near-field calculations utilized DDSCAT 7.3 
subroutine NEARFIELD.  The macroscopic field amplitude |E| at each grid-point of a 
volume surrounding the target structure was obtained relative to the incident field 
amplitude |E0|, with the latter set to a value of 1. Near-field enhancements (|E|/|E0|) were 
plotted over the surface of the target, using the open source application ParaView. 
 
3.4 RESULTS AND DISCUSSION 
 
3.4.1 Correlation of LSPR Spectrum with SEM Images.  
The experimental strategy used for this study is shown in Figure 3.1. We 
synthesized Au NPs directly on glass slides using a small modification of our previously 
described seed-mediated growth procedure.21,52,142  This procedure helped us achieve an 
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optimal density and size (~100 nm wide and 30 nm thick) of Au NPs, amenable to dark-
field scattering spectroscopy at the single NP level.  The glass slides contained etched 
numerical markers which were used to correlate dark-field scattering spectra of single 
NPs with scanning electron microscopy (SEM) images of the same NP.  As shown in 
Figure 3.1A, B, we first obtained dark-field images of the sample near a number marker. 
We next obtained a dark-field scattering spectrum of 15-20 individual NPs identified in 
defined regions near the marker (Figures 3.1C and D).  After obtaining individual 
scattering spectra of each NP, we sputter-coated the glass sample with a thin 1-2 nm layer 
of Pt before obtaining SEM images.  We confirmed that there were no changes in the NP 
shape due to Pt coating by comparing test Au NPs (synthesized on Si substrates) before 
and after the same Pt coating. Using SEM, the same NPs were identified (Figure 3.1E) 
and high-resolution images were obtained for the determination of the size and 
morphology of each NP (Figure 3.1F).  In a few cases, we obtained AFM images directly 
after acquiring light-scattering spectra to determine the NP thickness. In cases where we 
attached NSs to NPs, we obtained light-scattering spectra of 15-20 NPs before and after 
NS attachment and obtained SEM images after the attachment.  
 
  3.4.2 Experimental Comparison of Terrace Site vs Edge Site Attachment 
NPs have flat terraces and sharp edge and vertex sites.  The attachment of a NS on 
a terrace (flat surface) and on edge or vertex (sharp region) can affect NP spectrum 
differently. To investigate this difference, we selectively attached NSs on the terrace site 
of a NP and on edge site of a NP.  SEM images (Figure 3.2) show the successful 
achievement of regioselective attachment of NSs on the NP, which we exploited for  
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Figure 3.1 Correlated single-nanoparticle dark-field spectroscopy/ electron microscopy.  Dark-
field microscopy image of Au NP scatterers on a glass slide in the region of an etched marker 
labeled ‘223’ (A) and in a region directly to the left of the marker (B).  The region marked by the 
blue rectangle in (B) is shown at a higher magnification in (C) with five NPs selected and 
numbered. The light-scattering spectrum of the Au NP labeled 2 is shown in (D).  The spectrum 
shows a wavelength maximum, λmax, of 668 nm. An SEM image of the same region as (C) is 
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studying the influence of the attachment site on the plasmonic response of the resulting 
metamolecule.  We see a marked difference between the behaviors for attachment to 
terraces versus sides (Figure 3.2).  For instance, a representative single NP with an initial 
λmax of 660 nm, upon attachment of an Au NS at a terrace site on the NP, shows a modest 
red-shift of its λmax by 4 nm.  A part of this shift (1-2 nm as indicated by control 
experiments without Au NSs) may simply be a result of an increase in the local refractive 
index caused by the binding of mixed HT/4-ATP monolayers.  Thus, the Au NP has only 
weak, if any, plasmon coupling with a NS attached to the terrace. On the other hand, 
another Au NP with an initial λmax of 678 nm shows a large 21-nm red-shift after the 
attachment of a NS to one of the vertices on the sides of the NP.  This red-shift is 
indicative of strong plasmon coupling of a NP with a vertex-attached NS. 
In order to confirm that this site-dependence of plasmon coupling is indeed 
statistically significant, we performed the same analysis on five other NPs with Au NSs 
attached to the terrace region and three other NPs with Au NSs attached to the 
vertices/side faces.  The Au NS diameter ranged from 22-29 nm. The results are 
summarized in Tables 1 and 2, respectively.  The red-shift in λmax for terrace site 
attachment ranged from 2-4 nm with an average of 3 ± 1 nm. On the other hand, for 
vertex/side face attachment, the red-shift in λmax ranged from 14-29 nm with an average 
of 22 ± 5 nm.  The range in the magnitude of shift resulted most likely from 
heterogeneities like i) binding on different terrace sites (inner terrace vs. closer to an edge) 
or different sites on the sides (vertex vs. edge of a side face vs. center of a side face), ii) 
differences in the Au NS diameter, or, iii) differences in the original NP size and shape.  
Despite these heterogeneities, there is reproducibly an order-of-magnitude larger shift in  
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Figure 3.2 Terrace site vs. edge site attachment. (A) Scattering spectrum of a single Au NP before 
(black line) and after (red line) attachment of a 24 nm diameter Au NS on an inner terrace site of 
the NP, as shown in the SEM image to the right.  (B) Scattering spectrum of a single Au NP 
before (black line) and after (red line) attachment of a 27 nm diameter Au NS on a vertex site, as 
shown in the SEM image to the right.  The λmax values were determined by fitting the spectra to 
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Table 3.2. LSPR data and SEM images of representative single Au NPs with a NS attached on a 
side face/vertex. 
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λmax for vertex/side face attachment as compared to terrace attachment, conclusively 
indicating the strong dependence of plasmon coupling strength on the attachment location.  
  
3.4.3 Discrete Dipole Approximation (DDA) Simulation   
Effect of light polarization direction on the LSPR spectrum of a single 
hexagonal NP: An electrodynamic DDA simulation method was used to simulate the 
LSPR spectrum of a single hexagonal NP.  Simulations were performed as described in 
section 3.3. The experimental NP had a long-axis length of 136 nm and a thickness of 
~33 nm, as estimated by AFM.  Simulations were performed for a hexagonal NP with a 
long-axis length of 137 nm, a thickness of 31 nm, and a 1-nm thick ligand shell of a 
50:50 mixture of HT and 4-ATP, which is representative of the experimental structure.  
Figure 3.3 shows the experimental spectrum and simulated spectrum for a single 
hexagonal NP.  We obtained the λmax values by fitting the spectra to a single Lorentzian 
peak with a standard error of ca. 1 nm.  The simulated spectra also agreed well with the 
experimental one even though there was ~20 nm difference, which might be caused by 
the different sharpness of the NP curvature or the thickness of NP between experiment 
and simulation.  In order to investigate the effect of light polarization direction on the 
LSPR spectrum, we simulated the spectrum under three conditions, including unpolarized 
light, linearly polarized light along the long axis and short axis of the NP.  The simulated 
scattering spectra were similar for the different polarization conditions, which is due to 
the in-plane isotropy of the hexagonal NP. 
  73 
 
Figure 3.3 Experimental and simulated scattering spectra of a hexagonal Au NP. (A) 
Experimental scattering spectrum (black curve) of a single hexagonal Au nanoplate obtained via 
dark-field spectroscopy and DDA simulated scattering spectrum (red, green, and blue curves).  (B) 
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Effect of light polarization direction on the LSPR spectrum of coupled 
NS/NP: For isotropic nanostructures such as NSs or NPs, their scattering spectra are 
similar under different polarization conditions.  However, the spectra of coupled NS/NP 
might be different under different polarization directions.  The effect of incident light 
polarization on the plasmon coupling between a Au NP and a Au NS attached to a vertex 
on the side of the NP has been investigated in Figure 3.4.  Simulations were performed 
for a hexagonal Au NP with a long axis of 137 nm, a thickness of 31 nm, and a 1-nm 
thick ligand shell of HT and 4-ATP, representative of the experimental structure.  A 
single Au NS, with a diameter of 27 nm, was attached to a vertex on the side of the NP, 
in the plane of the hexagon, as shown by the rendition in the inset.  The distance between 
the surfaces of the NP and the NS was 1 nm, measured along the long-axis of the 
hexagon.  The wavelength maxima of scattering were determined by fitting to single 
Lorentzian peaks.  The dashed black line shows the λmax for a NP without an attached NS. 
Relative to the peak position of this uncoupled case, coupling with the NS gives rise to a 
red-shift of 23 nm when the excitation light is polarized along the interparticle axis (red 
data-points connected by a cubic spline).  On the other hand, there is a blue shift of 1 nm 
when light is polarized perpendicular to the interparticle axis (blue data-points connected 
by a cubic spline).  This difference is consistent with the excitonic model of LSPR 
coupling.80 In the former case, the dipolar plasmon oscillations of the NP and NS are 
aligned head-to-tail, resulting in favorable coupling.  In the latter case, the dipolar 
plasmon oscillations of the NP and NS are parallel to one another and therefore coupling 
between them is weakly repulsive.  With unpolarized light excitation (black data-points 
connected by a cubic spline), the net strength of coupling and the extent of LSPR red-
shift is intermediate to the two polarization extremes.   
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Figure 3.4 Simulated effect of incident light polarization on the plasmon coupling between a Au 











  76 
Effect of the attachment location of the NS along the sides of the NP: 
Different regions along the sides of the NP have different strength of electromagnetic 
field. NSs attached on the different locations along the sides of the NP can cause different 
amount of LSPR shifts.  To investigate this effect, simulations were performed for a 
hexagonal Au NP with a long axis of 137 nm, a thickness of 31 nm, and a 1-nm thick 
ligand shell of HT and 4-ATP, representative of the experimental structure as shown in 
the top panel of Figure 3.5.  A single Au NS, 27 nm in diameter, was then placed at one 
of four select locations along the sides of the NP: at a vertex in the plane of the hexagon 
(left, middle panel), at the center of a side face in the plane of the hexagon (right, middle 
panel), at a vertex out of the plane of the hexagon (left, bottom panel), and at the center 
of a side face out of the plane of the hexagon (right, bottom panel).  Renditions of these 
simulated configurations are shown besides each spectrum.  The surfaces of the NS and 
the NP were separated by a distance of 1 nm, measured along one of the axes of the 
hexagon.  Excitation was performed with unpolarized light. Spectra are shown as data-
points connected by cubic splines (solid black curves).  Wavelength maxima of scattering 
spectra were determined by fitting to single Lorentzian peaks.  The dashed red line shows 
the λmax for a NP without an attached NS. Relative to the peak position for this uncoupled 
case, coupling with the NS gives rise to a red-shift, indicated by Δλmax.  Of the cases 
considered, coupling is strongest (Δλmax = 8 nm) when the NS is located at the vertex.  
Coupling is weaker for the cases where the NS is located at the center of a side face, 
away from the vertices.  Also, for the cases where the NS is located on the side face of 
the NP, a noticeable shoulder emerges in the scattering spectrum; this feature affects 
somewhat the apparent red-shift obtained from the fit to a single Lorentzian peak.  The 
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coupling is slightly weaker for the out-of-plane side face location (Δλmax = 3 nm) as 
compared to the in-plane side face location (Δλmax = 4 nm). 
Effect of the location of the NS on the terrace of the NP: Similar to the 
attachment location of the NS along the sides of the NP, the attachment location of a NS 
on the terrace of the NP might also affect the NS/NP coupling.  Simulations were 
performed for a hexagonal Au NP with a long axis of 137 nm, a thickness of 31 nm, and 
a 1-nm thick ligand shell of HT and 4-ATP, representative of the experimental structure 
as shown in the topmost panel in Figure 3.6.  A single Au NS, 27 nm in diameter, was 
then placed at one of three select locations on the terrace of the NP: at the center of the 
terrace (second panel from top), close to the edge of the terrace (bottommost panel), and 
midway between these two locations (third panel from top).  Renditions of these 
simulated configurations are shown besides each spectrum.  The surfaces of the NS and 
the NP were separated by a distance of 1 nm, measured along the thickness of the NP.  
Excitation was performed with unpolarized light. Spectra are shown as data-points 
connected by cubic splines (solid curves).  Wavelength maxima of scattering spectra 
were determined by fitting to a single Lorentzian function.  The dashed red line shows the 
λmax for a NP without an attached NS. Relative to the peak position of this uncoupled 
case, coupling with the NS gives rise to a red-shift, indicated by Δλmax.  For all three 
positions, the Δλmax is 3 nm.  Figure 3.8 shows that a terrace NS couples to the surface of 
the NP but not necessarily to the NP dipolar mode, making the lateral position of the NS 
in relation to the NP edges less important.  For the case where the NS is located at the 
edge of the terrace (bottommost panel), a noticeable shoulder emerges in the scattering 
spectrum; this feature affects somewhat the apparent red-shift obtained from the fit to a 
single Lorentzian peak. 
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Figure 3.5 Simulated plasmon coupling between a Au NP and a Au NS: effect of the attachment 
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Figure 3.6 Simulated plasmon coupling between a hexagonal Au NP and an Au NS: effect of the 
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Effect of the distance between the NS and the NP: Coupling-induced shifts 
greatly depend on the inter-particle distance.  Simulations were performed for a 
hexagonal Au NP with a long axis of 137 nm, a thickness of 31 nm, and a 1-nm thick 
ligand shell of HT and 4-ATP, representative of the experimental structure in Figure 3.7.  
A single Au NS, 27 nm in diameter, was then placed either at the vertex on the side in the 
plane of the hexagon (A) or at the center of the terrace (B) at varying surface-to-surface 
interparticle distances.  This distance was measured along the NP long-axis for (A) and 
along the thickness direction for (B).  Excitation was performed with unpolarized light. 
Spectra are shown as data-points connected by cubic splines (solid curves). Wavelength 
maxima of scattering spectra were determined by fitting to single Lorentzian peaks.  The 
coupling-induced red-shift Δλmax, relative to the LSPR peak position of a NP without an 
attached NS, is plotted in (C) as a function of surface-to-surface interparticle distance.  
For each case, four distances have been simulated including 1 nm, 2 nm, 5 nm, and 30 
nm.  The coupling strength, as indicated by the magnitude of the red-shift, increases with 
decreasing interparticle distance.  From the simulated near-field of a Au NP coupled to a 
Au NS placed on the terrace of the NP, the NS and NP couples stronger at a distance of 1 
nm than 5 nm (Figure 3.8).  For the left image, the surface-to-surface interparticle 
distance is 5 nm and for that on the right, it is 1 nm.  The corresponding spectra are 
shown in Figure 3.7.  The near-field pattern shows a strong dipolar mode excited in the 
NP. The NS placed 5-nm away from the NP exhibits an asymmetric near-field 
distribution: the near-field is concentrated on the NS surface that is closer to the NP.  At a 
distance of 1-nm, the near-field is concentrated in the gap between the NS and NP, which 
is indicative of an attractive interaction between the dipolar plasmon oscillation of the NS 
and image dipoles induced on the surface of the NP.   
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Figure 3.7 Simulated distance-dependence of plasmon coupling between a Au NP and a single Au 
NS for two cases: a NS placed at a vertex on the side (A) and a NS placed at the center of the 
terrace (B) as shown by the renditions in the insets. The relationship between inter-particle 
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Figure 3.8 Simulated near-field of a Au NP coupled to a Au NS placed on the terrace of the NP. 
The images represent a side-view of a cross-section taken along the polarization direction. The 
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Simulation of terrace site vs. edge site attachment: After all the simulation 
conditions have been investigated, it is time to simulate the terrace site and edge site 
attachment and make a comparison with experiment results.  DDA simulation confirmed 
the observed regioselective nature of plasmon coupling in NP/NS dimers (Figure 3.9).  
Simulations show that the attachment of a Au NS to a vertex on the side of the NP results 
in a 8-nm LSPR red-shift with respect to the LSPR of a NP with no NS attached.  In 
contrast, when a Au NS is attached to the terrace of the NP, the coupling is weaker, as 
manifested by a smaller 3-nm red-shift.  Simulations were performed as described in 
section 3.3.  The NS was 27 nm in diameter.  Simulated configurations and NS locations 
are shown for each case and are representative of the experimental structures.  The 
surfaces of the NP and the NS were separated by a distance of 1 nm, measured along the 
long-axis of the hexagon for the NS placed on the vertex and along the thickness 
direction for the NS placed on the terrace.  The simulated shifts are somewhat lower than 
those in the experiment; it is possible that the actual surface-to-surface distance is lower 
than 1 nm, the value used in the simulation model.  After all, coupling-induced shifts 
increase rapidly with decreasing inter-particle distance.69,80,85  Nevertheless the simulated 
site-dependence of the shift is in qualitative agreement with the observations. 
It is instructive to spatially resolve the site-dependence of plasmon coupling even 
further, for instance, by determining if there is a systematic difference in the magnitude 
of shift between specific locations on the terrace or between those on the sides of the NP.  
While this was difficult to perform in a statistically significant manner using the limited 
experimental cases, simulations proved useful in this regard (Figure 3.5 and Figure 3.6). 
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Figure 3.9 Terrace site vs. edge site attachment simulation results (A) Scattering spectrum of a 
single Au NP before (black line) and after (red line) attachment of a 27 nm diameter Au NS on an 
inner terrace site of the NP, as shown in the simulated configurations to the right.  (B) Scattering 
spectrum of a single Au NP before (black line) and after (red line) attachment of a 27-nm 
diameter Au NS on a vertex site, as shown in the simulated configurations to the right.  The λmax 
values were determined by fitting the spectra to single Lorentzian peaks. The shift in λmax upon 
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 The observed site-dependence originates from the spatio-polar variation of the 
polarizability of the NP, qualitatively analogous to the tensorial nature of the molecular 
polarizability of benzene.143  A simulation of the near-field around a resonantly excited 
NP (Figure 3.10) serves as a map of the polarizability of the NP.  Simulations were 
performed for a hexagonal Au NP with a long axis of 137 nm, a thickness of 31 nm, and 
a 1 nm thick ligand shell of HT and 4-ATP, representative of the experimental structure.  
Under in-plane excitation, the NP is most polarizable at its vertices, followed by the 
edges.  The NP is least polarizable at the central regions of terraces and side faces.  Thus, 
a NS, with an induced dipole excited in the plane of the NP, is able to polarize a NP most 
strongly when it is attached along the sides in contact with the vertices of the NP.  In 
addition to vertex attachment, there is an additional requirement for strong coupling: the 
excitation must be polarized along the NP/NS axis, such that the dipolar plasmon 
oscillation of the NP is aligned head-to-tail with the dipolar plasmon oscillation of the NS 
(Figure 3.4).  These conditions lead to a strong attractive interaction, resulting in a large 
red-shift of the NP localized surface plasmon resonance (LSPR).80  
On the other extreme, attachment of the NS at the terrace causes minimal 
polarization of the NP.  While the side-by-side interaction does not allow for a strong 
interaction between the dipolar LSPR oscillations of the NP and the NS, there is an 
observable attractive coupling between the dipolar oscillation of the NS and an induced 
image dipole on the much larger NP surface, as seen from field maps shown in Figure 3.8.  
However, this interaction has only a weak effect on the NP dipolar LSPR, manifested as a 
small red-shift of the latter.80  Furthermore the nature of this interaction is such that the 
lateral position of the terrace-attached NS in relation to the NP edges is not too important 
in determining the magnitude of the coupling-induced shift (Figure 3.6).  In summary, the  
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Figure 3.10 Spatial map of the NP polarizability. Simulated near-field over the surface of a Au 
NP excited by 645-nm unpolarized light. The near-field is depicted in the form of an amplitude 
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overall trend seen in the coupling-induced red-shift, i.e., vertices > side faces > terrace 
sites, is essentially a reflection of the spatial map of the NP polarizability under in-plane 
excitation.  Experimentally, however, we were unable to resolve a difference in coupling 
strength for vertex vs. side face sites from the limited number of structures available 
(Table 2).  This inability likely resulted from the heterogeneities in i) the exact position of 
the NS relative to a vertex (Figure 3.5), ii) the actual distance of the NS from the NP 
surface, iii) the degree of roundedness of the NP sides, and iv) the size of the NS, all of 
which influence the coupling-induced shift, apart from the attachment location of the NS. 
 
3.4.4 NP with Multiple NSs Attached 
 NSs symmetrically distributed around a NP: Further studies with multiply 
attached NSs indicate a unique synergistic effect, whereby the polarizing effect of a NS 
on the NP is positively assisted by the presence of other attached NSs.  As discussed 
earlier, the attachment of a single NS to the NP sides results in a 22 nm red-shift, on 
average.  With three NSs attached to the sides (Figure 3.11A), a 69 nm red-shift is seen, 
amounting to a shift of 23 nm per attached NS.  However, the attachment of four NSs 
around the NP sides is seen to result in a total red-shift of 122 nm (Figure 3.11B), which 
amounts to a shift of 31 nm/NS, considerably larger than the effect produced by a single 
NS.  This observation is in contrast to the behavior observed in core-satellite assemblies, 
where a linear LSPR shift is observed with an increasing number of satellite NSs.94  
While experimental heterogeneity makes it difficult to unequivocally confirm this 
synergistic effect, the accompanying simulations provide support for this conclusion.  In 
simulations, the attachment of one NS to a vertex position results in a 8 nm shift, as  
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Figure 3.11 Experimental (A & B) and simulated (C & D) plasmonic coupling between a Au NP 
and multiple NSs.  Dark-field scattering spectra of Au NPs before (black) and after (red) three (A) 
and four (B) ~25 nm diameter Au NSs are attached to the sides of the Au NPs.  The SEM images 
of the corresponding assemblies are shown on the right.Simulations were performed as described 
in section 3.3.  Here, 27 nm diameter Au NSs were placed at three (C) or four (D) vertices along 
the sides of the NP (red data-points connected by cubic splines).  Simulated configurations and 
NS locations are shown for each case and are representative of experimental structures.  For 
attachment of three NSs, the LSPR wavelength maximum was determined by fitting the simulated 
scattering spectrum to a single Lorentzian peak.  For four NSs, the spectrum was fit to two 
Lorentzian peaks.  The red-shift Δλmax indicated for each case is relative to the λmax for a NP 
without an attached NS (spectrum shown by black data-points connected by a cubic spline).  
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discussed earlier (Figure 3.9).  However, with three NSs attached to three vertices of the 
NP (Figure 3.11C), the red-shift is 32 nm, amounting to a shift of ca. 11 nm/NS.  Four 
NSs attached to four vertices of the NP (Figure 3.11D), give rise to an overall shift of 71 
nm or ca. 18 nm/NS.  The synergistic effect found here is analogous to the positive 
enhancement in the molecular polarizability of benzene by certain activating functional 
groups.144 
NSs asymmetrically distributed around NP: In assemblies with multiple NSs, 
the respective placement of NSs on the NP must dictate the nature of plasmonic coupling 
and the resulting spectral characteristics of the assembly.  In contrast to the uniform 
distribution of NSs, shown in Figure 3.11, we found some instances of NSs 
asymmetrically distributed around the NP sides (Figure 3.12A, B).  These structures 
exhibited broad, asymmetric, and complex spectra, quite unlike those seen with the 
symmetric distributions.  The strongest scattering band of these asymmetric structures 
appears to be much more strongly red-shifted than in the case of an equivalent (with the 
same number of NSs) symmetric distribution, e.g., ∆λmax = 132 nm in Fig. 3.12A vs. 122 
nm in Fig. 3.11B.  DDA simulation of such a NP/NS assembly, excited with unpolarized 
light, reproduced the broad, asymmetric nature of the LSPR spectrum (Figure 3.12C) 
with the strongest scattering band red-shifted by as much as 79 nm.  This red-shift is 
larger than that for the symmetric distribution with four NSs in Figure 3.11D (∆λmax = 71 
nm under unpolarized excitation). 
The complex nature of the spectrum is a result of the large polarization anisotropy 
of the asymmetric NP/NS assemblies, as shown by further polarization-dependent 
simulations.  Due to the asymmetry of the structures, the strength of coupling between the 
NP and NSs is strongly dependent on the polarization direction.  The latter is manifested 
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Figure 3.12 Experimental (A & B) and simulated (C & D) plasmonic coupling between a Au NP 
and multiple asymmetrically distributed NSs. Dark-field light-scattering spectra of a roughly 
hexagonal Au NP before (black) and after (red) attachment of four (A) and five (B) 
asymmetrically distributed NSs to the sides of the NP. The SEM images of the corresponding 
assemblies are shown on the right. Simulations were performed as described in the section 3.3.  
Here, four 27-nm diameter Au NSs were placed along the sides of the NP.  The simulated 
configuration, representative of the experimental configuration in (A), is shown besides each 
simulated spectrum.  In (C), the simulated spectrum of the NP/NS assembly (red data-points 
connected by a cubic spline) under unpolarized light excitation is shown alongside the simulated 
spectrum of a NP with no NSs attached (black data-points connected by a cubic spline), also for 
unpolarized light excitation.  In (D), simulated spectra of the NP/NS assembly are shown for light 
polarized along the NP short-axis (green data-points connected by a cubic spline) and for light 
polarized along the long-axis (blue data-points connected by cubic spline).  The spectrum for 
long-axis polarization, fit to two Lorentzian peaks, shows a lower energy band centered at 721 
nm, red-shifted from the NP LSPR by as much as 79 nm. The spectrum for short-axis polarization, 
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by the large disparity in the simulated scattering spectra for the two orthogonal 
polarization directions (Figure 3.12D).  The symmetric distributions also show similar 
polarization anisotropy (Figure 3.14), but this effect is much starker for the asymmetric 
distributions.  For the representative asymmetric structure simulated, three NSs are 
located along the long-axis direction, whereas only one NS is located in the short-axis 
direction.  As a result, coupling along the long-axis direction is significantly stronger than 
that along the short-axis direction.  The spectrum under long-axis polarization exhibits at 
least two modes, including a strong highly red-shifted mode centered at 721 nm and a 
weaker blue-shifted (as discussed later, a quadrupolar) mode around 613 nm.  On the 
other hand, the short axis-polarization results in a broad band centered around 656 nm.  
With unpolarized light excitation, which samples all directions equally, the spectrum 
comprises of these multiple coupled modes corresponding to different polarization 
directions and therefore the spectrum is multi-peaked and asymmetric.  This is unlike the 
case of symmetric distributions where modes polarized along the two orthogonal 
directions are closer to each other in energy and in intensity; therefore the composite 
spectrum is more symmetric and the composite red-shift is somewhat smaller.  A similar 
effect is shown in Figure 3.13 for multiple NSs distributed on terrace sites of somewhat 
asymmetric NPs.  When multiple NSs were distributed non-symmetrically on inner 
terrace sites and near terrace edges, we often observed broadening resulting from the 
appearance of a new peak red-shifted as much as 35-40 nm relative to the initial dipolar 
mode of the NP.  This phenomenon is a result of increased symmetry breaking in the 
coupled NP/NS assemblies.  This effect appeared to be starker when the initial NP itself 
was not very symmetric, as seen from the representative cases shown in this figure. 
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Figure 3.13 Single-particle dark-field light-scattering spectra of a roughly hexagonal Au NP 
before (black) and after (red) attachment of multiple NSs to NP terrace sites.  Final morphologies 
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An additional effect is seen with multiply attached NSs, both in experiment and in 
simulations (Figures 3.11 and 3.12).  Strong coupling with multiple NSs attached on the 
NP sides induces a new mode around 625 nm, blue of the dipolar LSPR of the NP (Figure 
3.11A, C).  Whereas a weak shoulder is seen with one NS attached (Figure 3.2B), with 
four NSs attached, this new mode is strong enough to be clearly resolved from the LSPR 
peak (Figure 3.11B, D).  An electric-field simulation indicates that this mode is the result 
of a quadrupolar excitation of the NP/NS assembly polarized along the short in-plane axis 
of the NP (Figures 3.14 and 3.15). 
Figure 3.14 shows that the redshift in the dipolar LSPR resulting from coupling is 
smaller when light is polarized parallel to the short axis of the hexagon as compared to 
the case when light is polarized parallel to the long-axis of the hexagon.  However, under 
short-axis polarization, coupling results in the emergence of a prominent high energy 
mode centered at 613 nm, in addition to the dipolar mode at 705 nm. These λmax values 
were determined by fitting the spectrum to two Lorentzian peaks. The scattering 
spectrum for long-axis polarization, fit to two Lorentzian peaks, yields a strong dipolar 
mode with a λmax at 717 nm and only a weak shoulder in the blue region. In order to 
correctly assign those modes, a near-field was simulated in Figure 3.15.  
When the incident light is polarized parallel to the long axis of the hexagon, the 
near-field appears to be concentrated most at the extremities of the NSs located along the 
polarization direction, as well as at the junctions between the NS and NP vertices.  As 
indicated by its respective electrostatic charge distribution, the field plot represents a 
dipolar mode of coupling between the NP and the two NSs, which is manifested as the 
LSPR peak centered at 717 nm in Figure 3.14.  A similar dipolar mode of excitation is 
seen when light with a wavelength of 705 nm is polarized along the short axis of the 
  94 
hexagon.  However, when the short axis of the hexagon is excited using 613 nm 
wavelength light, corresponding to the higher energy peak in Figure 3.14, the field 
appears to be concentrated primarily at the junctions between the NS and NP vertex.  
There is lower field enhancement at the extremities of the NSs along the polarization 
direction. This field pattern is indicative of a higher-energy quadrupolar mode of 
excitation, as depicted by its respective electrostatic charge distribution.    
  
3.5 CONCLUSIONS 
In summary, we designed, in analogy with benzene-derived molecular structures, 
complex plasmonic nanoassemblies by regioselectively attaching Au NSs to specific sites 
on the surface of a large hexagonal Au NP.  In these assemblies, we find that the site of 
NS attachment dictates the plasmonic response of the NP.  NSs attached on the sides, 
especially at vertices, couple strongly with the NP, whereas NSs attached on the terraces 
cause little perturbation of the NP plasmon resonance.  Such regioselective placement of 
satellite NSs on the surface of a NP has potential for producing unique structure-
dependent electromagnetic modes with interesting spectral attributes and near-field 
distributions.  As one example of unique behavior, we find that the polarizing effect of 
multiple NSs on the NP is synergistic.  As another example, we find that the optical 
response is dramatically different for an assembly with a uniform distribution of NSs 
around the NP versus one with an asymmetric distribution.  The regioselectivity of 
plasmon coupling discussed here can be exploited for 3D spatial sensing with nanometer 
resolution.134  For instance, it may be possible to construct a device consisting of a NP 
linked to a NS via a protein of interest.  The device may be designed such that the 
occurrence of a key conformational change in the protein results in the migration of the  
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Figure 3.14 Simulated effect of the incident light polarization on the plasmon coupling between 
an Au NP and four NSs.  Simulations were performed for a hexagonal Au NP with a long axis of 
137 nm, a thickness of 31 nm, and a 1-nm thick ligand shell of HT and 4-ATP, representative of 
the experimental structure.  Four Au NSs, each with a diameter of 27 nm, were attached to four of 
the vertices of the NP, (configuration is shown in Figure 3.16).  The surface-to-surface distance 
between the NP and each NS was 1 nm, measured along the long-axis of the hexagon.  
 
 




Figure 3.15 Simulated near-field over the surface of a Au NP coupled to four Au NSs. The near-
field is depicted in the form of an amplitude enhancement (|E|/|E0|) on a color scale.  Simulations 
were performed for a hexagonal Au NP with a long axis of 137 nm, a thickness of 31 nm, and a 
1-nm thick ligand shell of HT and 4-ATP, representative of the experimental structure. Four Au 
NSs, each with a diameter of 27 nm, were attached to four of the vertices of the NP, as depicted.  
The surface-to-surface distance between the NP and each NS was 1 nm, measured along the long-
axis of the hexagon.  Three different simulations were run: the direction of polarization and 
wavelength of incident light employed in each simulation are noted for each near-field plot.  An 
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attached NS from the sides of the NP to the outer terrace region.  Our results show that 
the spectral shift resulting from such a dynamic configuration change would be optically 
detectable on the level of single nanodevices.  Future work will be geared toward the 
achievement of increasingly finer and more dynamic regioselective control and the 
exploitation of such control in functional plasmonic devices. 
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CHAPTER IV 
THE EFFECT OF NANOSPHERE SIZE ON THE PLASMONIC PROPERTIES OF 
REGIOSELECTIVELY-COUPLED GOLD NANOPLATE-NANOSPHERE 
STRUCTURES AT THE SINGLE PARTICLE LEVEL 
 
In this chapter, we describe the dark-field light scattering properties of size- and 
shape-mismatched heterodimer nanostructures consisting of a Au nanosphere (NS) 
coupled to a Au nanoplate (NP).  In these heterodimers, the shape of the NP was roughly 
hexagonal or a truncated triangular shape, while the NS was spherical in shape and 
variable size (13 nm, 24 nm, or 51 nm in average diameter).  The location where the NS 
attached to the NP varied between the side of the plate (edge or vertex) and the top 
terrace while the spacing between them was constant, dictated by the length of the 
molecular linker, 4-aminothiophenol (4-ATP).  Strong dipolar coupling occurred for all 
NP/NS heterodimers when the NS was located on the side of the plate as opposed to very 
weak coupling for those located on the top terrace.  The positive shift in the most red-
shifted dipolar plasmon mode of the NP/NS heterodimer relative to the original NP 
increased with increasing NS size for those attached on the side of the NP in the order of 
9±2 nm, 24±4 nm, and 98±16 nm for the 13, 24, and 51 nm average diameter NSs, 
respectively.  This mode is mainly due to polarization parallel to the NP/NS long axis.  
As the NS size increased, this peak red-shifted enough to easily observe two other 
plasmon modes in the spectrum, one of them is a red-shift and due to polarization 
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perpendicular to the long NP/NS axis and the other is a blue-shifted antibonding type 
mode.  With smaller NSs, the shift due to light polarized parallel to the coupling axis is 
not large enough to distinguish it from that due to light polarized perpendicular to the 
coupling axis, making those two peaks overlap with an overall broader peak. 
For NSs attached to the top terrace of the NPs, the shift in the dipolar plasmon 
mode was 1±1 nm, 3±1 nm, and 14±4 nm for the 13, 24, and 51 nm diameter NSs, 
respectively.  This clearly shows much weaker coupling compared to the structures with 
NSs attached to the edge, due to the dipolar mode of the NP and NS being aligned 
parallel to one another.  The spectrum did not show a blue-shifted multipolar mode or 
separate peaks due to different symmetry along different polarizations directions for any 
of the heterodimers since the shifts were relatively small. 
In addition to the dimer structures, we present results on multiple NSs coupled to 
edge and terrace sites of NPs.  In general, this increases the shift in the modes and 
increases the complexity of the spectra due to lower symmetry in the structure.  This 
work provides new quantitative information about plasmon coupling between NPs and 
NSs as a function of size and location at the single nanostructure level, which is 
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4.1 INTRODUCTION 
Most of the coupled heterodimers described previously were composed of 
nanoparticles with fixed dimensions.  There have only been a few reports about 
heterodimers consisting of nanoparticles with varied dimensions as described in this 
work.  For example, Halas and co-workers described theoretically and experimentally 
size-asymmetric Au heterodimers of one size-fixed NS and one size-varied NS.1  The 
size-fixed NS had a diameter of 76 nm, while the size of the other NS varied from 24 nm 
to 76 nm.  The dimer designed in this way allowed them to systematically study how the 
optical properties of the heterodimer depend on the size of the two NSs.  However, there 
was no quantitative analysis of the relationship between LSPR shift and NS size.  The 
Alivisatos Group studied Ag dimers of one 40 nm Ag NS and one Ag NS with two sizes, 
20 nm and 40 nm. They found that the spectrum was a linear combination of the 
longitudinal mode and transverse mode with symmetric dimers.  When it came to 
asymmetric dimers, it turned out that the spectrum is not solely a linear combination of 
the two orthogonal modes.  In their work, the authors also only focused on the plasmon 
modes rather than quantitating the LSPR shift caused by the different size NS.  More 
importantly, the synthesis methods of heterodimers in most of the studies do not allow 
the spectrum of individual component particles to be measured since the dimers were 
synthesized in solution first and then drop casted to glass surface for spectra collection.  
Therefore, a simulation spectrum usually was provided for comparison between LSPR 
before and after coupling. 
In this chapter, we describe the preparation of shape- and size- asymmetric 
NP/NS coupled nanostructures as in our previous study with varied NS size.21,145  Our 
strategy to assemble heterodimers allows us to obtain the LSPR spectrum of individual 
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NPs before and after coupling with NSs.  In the area of heterodimer plasmonic coupling, 
our research makes an important advancement by studying in detail the effect of NS size 
on the shape-asymmetric plasmonic coupling of NPs and NSs.  Specifically, we quantify 
the magnitude of the plasmon shift upon coupling and qualitatively describe the observed 
plasmon modes for single and multiple NSs attached to different locations of the NP.  
This work provides insight and quantitative information about the effect of NS size on the 




The synthesis of the Au NPs and Au NSs, preparation of nanostructure assemblies 
via various ligand-exchange reactions and characterization by LSPR and SEM are 
described in Chapter II. 
 
4.3 RESULTS AND DISCUSSION 
4.3.1. Size-Dependent Plasmon Properties of NP/NS Dimers with NSs Attached to 
the Edge of NPs  
Using the procedure described in Chapter 2 and 3, we selectively bound one NS 
to the side edge of Au NPs that were ~110 nm wide and ~35 nm in height and measured 
the dark-field light scattering spectrum before and after NS attachment.  Scanning 
electron microscopy (SEM) imaging showed the exact dimer structure which we 
correlated with the light scattering spectrum.  We measured the light scattering and SEM 
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images of various dimers with relatively constant NP size but varied NS size with 
diameters of 13±2 nm, 24±4 nm, and 51±10 nm.  Figure 4.1 shows the single-particle 
dark-field spectra of a Au NP before and after attachment of a Au NS with the 3 different 
diameters.  All of the NPs considered were hexagonal, truncated triangular, or circular-
shaped.  Figure 4.1A shows a truncated triangular NP with an initial λmax of 643 nm 
before NS attachment, which has three peaks after attachment of a 68 nm Au NS to the 
edge.  All λmax values were determined by single or multiple Lorentzian fitting.  
Comparing the spectra before attachment, two peaks red-shifted and one blue shifted.  
The most red-shifted peak is at 754 nm, which positive shifted 111 nm from 643 nm.  
Another red-shifted peak is around 670 nm, which red shifted 27 nm from its original 
positon.  A blue-shifted shoulder peak is around 600 nm.  
According to the simulation data in Figure 4.2, we can assign the peaks at 754 nm, 
670 nm, and ~600 nm to different LSPR modes.  When the light polarization direction is 
parallel to the long interparticle axis of the NP/NS dimer, there are two modes in the 
LSPR spectrum (Blue line in Figure 4.2 A), a very intense red-shifted peak around 750 
nm and a less intense blue-shifted peak around 600 nm.  The mode around 750 nm can be 
assigned to head-to-tail dipolar coupling of the NP and NS along the interparticle axis, 
analogous to σ orbital formation.  Head-to-tail dipole coupling is very strong (Figure 4.2 
B) and results in a big red shift in the LSPR band.  On the contrary, the mode around 600 
nm  can be attributed to head-to-head or tail-to-tail dipolar coupling of the NP and NS 
parallel to the interparticle axis, similar to σ* hybridization.  Dipole coupling in this 
configuration is usually weak due to the cancellation of the dipole moments and results in 
a less intense peak (4.2 B).  When light is polarized perpendicular to the interparticle axis, 
there is only one peak round 650 nm in the LSPR spectrum (Red line in Figure 4.2A),  
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Figure 4.1. Dark-field scattering spectra of single NP before (black) and after (red) NS attached 
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Figure 4.2.  (A) Simulated scattering spectra for a hexagon NP coupled with a single NS with 67 
nm in diameter under different polarization conditions.  (B) The field enhancement at the surface 
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which is similar to the LSPR spectrum of the NP before coupling (Green line in Figure 
4.2A).  This phenomenon tells us that the side-by-side dipolar coupling (π bond 
formation) is very weak and is manifested only as a very small red shift.  Comparing the 
simulation data with our experimental results, we can assign the peak at 754 nm to head-
to-tail dipolar coupling of the NP and NS along the interparticle axis.  We attribute the 
shoulder peak around 600 nm to σ* type dipolar coupling of the NP and NS.  We assign 
the LSPR band around 670 nm to dipolar coupling of the NP and NS with light polarized 
perpendicular to the interparticle axis, analogous to π orbital formation.   
Figure 4.1B shows the result of coupling a relatively smaller NS with a diameter 
of 27 nm to a Au NP.  There are two peaks in the LSPR spectra of the coupled NP/NS 
assembly.  A red-shifted peak at 702 nm and a shoulder peak at 600 nm.  Similar to the 
data in Figure 4.1A, the NS and NP exhibit head-to-tail dipolar coupling causing a 22 nm 
red-shift from 680 to 702 nm.  This is significantly smaller compared to the red shift for 
the 68 nm NS.  Also, there is a small shoulder peak at 600 nm whose intensity is much 
smaller compared to this mode for the 68 nm diameter NS.  A separate third peak is not 
observed in this case because the dipolar plasmon coupling peak is not red-shifted 
enough to distinguish the third peak.  Instead of observing this peak as two separate 
distinguishable peaks, it appears as one fairly broad peak.  When the NS size decreases to 
15 nm in Figure 4.1C, the dipolar red shift in λmax is only 12 nm.  The blue shifted peak 
near 600 nm is now too weak to appear and the peak for light polarized perpendicular to 
the NP/NS axis is too close to the peak for light polarized parallel to the NP/NS axis, so 
they appear as one peak together, similar to Figure 4.1B.  Table 4.1 shows the result of all 
of the NP/NS coupled structures as a function of NS size. 
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Table 4.1. LSPRs and SEM images of representative single Au NPs with different size NSs 






  107 
4.3.2. Size-Dependent Plasmon Properties of NP/NS Structures with NSs Coupled to 
the Terraces of NPs  
NSs of various sizes were controllably attached to the top terrace of the NPs. The 
simulation of the near-field around a resonantly excited NP shows the polarizability of 
the NP.146  Under in-plane excitation, a polarization map shows that the NP is most 
polarizable at its vertices, followed by the edges, and least polarizable at the terraces.  
When a NS attaches to the vertices or edges of the NP, its induced dipole excited in the 
plane of the NP can strongly polarize the NP.  If the excitation is polarized along the 
NP/NS axis, the dipolar plasmon oscillation of the NP and NS is aligned head-to-tail, 
which leads to a large red-shift of the NP LSPR as shown in Figure 4.1.  On the other 
hand, if the NS is attached to the terrace of the NP, the polarization of the two 
nanostructures is now aligned side-by-side and there is very weak coupling.  This results 
in a negligible or very small red-shift of the NP LSPR compared to the head-to-tail 
interaction when the NS is attached to the side edge/vertex.  For example, a single NP 
with an initial λmax of 675 nm showed a modest red-shift of 12 nm upon attachment of a 
43 nm Au NS at a terrace site on the NP (Figure 4.3A).  Beside the red-shift, the 
attachment of a bigger size of NS on the terrace of the NP reduced the symmetry of the 
dipolar peak (red line in Figure 4.3A).  When the size of the NS decreased to 22 nm as 
shown in Figure 4.3B, the amount of red-shift was only 3 nm, which was almost the same 
level of shift caused by the local refractive index change of the monolayer attached to the 
NPs.  Thus, the Au NP has only weak, if any, plasmon coupling with a 22 nm NS 
attached to the terrace.  The attachment of a much smaller 10 nm NS showed a similar 
amount of red-shift.  In Figure 4.3C, the NP has a λmax of 667 nm before attachment, 
which only shifts 1 nm upon attachment of a 10 nm NS on its terrace, which is negligible.   
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Figure 4.3. Dark-field light scattering spectra of a single NP before (black) and after (red) NS 
attached on the terrace (left) and their SEM images (right).  Scale bars in the SEM images are 100 
nm. 
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Table 4.2 shows the data for all of the nanostructures studied as a function of NS size for 
those attached to the terraces. 
To investigate the relationship between the dipolar plasmon shift and NS size, we 
plotted the shift as a function of the different NS size for attachment to edges and terraces 
as shown in Figure 4.4, which shows three trends.  First, the magnitude of red shift 
increased with an increase in NS size regardless of the attachment location.  The reason is 
the electric field decay is less dramatic as a function of distance for a larger sized NS.  
This means that the electric field will be stronger at some constant distance from the NS 
for a larger sphere.  The magnitude of the electric field as a function of distance S for a 
NS of radius R is proportional to [R/(R+S)]3.  This means it increases at a constant 
distance S as a function of R, but reaches a saturation value as R becomes very large 
relative to S.  The data follows this very simple model nicely, showing an increase in the 
shift for NSs of diameter from 10 nm to about 40 nm and saturate as it increases above 40 
nm.  NSs of diameter 40 to 60 nm show a very similar shift in max.   
As already discussed, NSs attached to the edges of NPs result in a much larger red 
shift due to the stronger site-dependent coupling.  The red shift of the dipolar plasmon 
mode for NSs attached to the edge was ~ 10 times larger than for those attached to a 
terrace.  Specifically, the average shift was 98 nm for 51 nm diameter NSs attached to the 
edge and 11 nm for 42 nm NSs attached to the terrace.  The average shift was 24 nm for 
24 nm diameter NSs attached to the edge and 3 nm for 25 nm NSs attached to the terrace.  
The average shift was 9 nm for 13 nm diameter NSs attached to the edge and 1 nm for 13 
nm NSs attached to the terrace.  
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Table 4.2. LSPRs and SEM images of representative single Au NPs with different size NSs 
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Figure 4.4. Dipolar plasmon shift as a function of NS size attached to an edge or terrace.  NSs 
attached to the edges are represented by green circles (13 nm), blue circles (24 nm), and red 
circles (51 nm); NSs attached to the terrace are represented by green triangles (13 nm), blue 
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4.3.3 Multiple Big NSs Coupled to the Edge and Terraces of NPs 
Structures with multiple bigger sized NSs attached to a NP were also studied.  
Figure 4.5 A shows a triangular NP with an initial λmax of 680 nm before NS attachment, 
which has three peaks after attachment of two Au NSs to the edge.  The size of the two 
NSs is 36 nm and 38 nm, respectively.  The most red-shifted peak is at 800 nm, which 
shifted positive 120 nm from 680 nm.  Another red-shifted peak is around 730 nm, which 
red shifted 50 nm from its original positon.  A blue-shifted shoulder peak is around 600 
nm. Similar to a single big NS attached, the LSPR band at 800 nm can be assigned to 
head-to-tail dipolar coupling of the NP and NSs parallel to the in-plane long-axis.  We 
attribute the shoulder peak around 600 nm to σ* type dipolar coupling of the NP and NSs.  
The LSPR peak around 730 nm can be assigned to dipolar coupling of the NP and NS 
perpendicular to the long-axis, analogous to π bond formation.  In Figure 4.5 B, three 
aggregated NSs were attached to the terrace of a hexagonal NP with an initial λmax of 692 
nm.  A red-shifted peak at 734 nm was observed after the attachment of NSs.  Three NSs 
attached caused a red shift of 42 nm (21 nm per NS), which was much bigger than the 
shift caused by a single NS attached to the terrace of a NP (10-12 nm per NS).  The 
reason might be the synergistic effect observed in multiple smaller (24 nm) NSs or a 
simple aggregation effect of the NSs.  
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Figure 4.5. Dark-field scattering spectra of a single nanoplate before (black) and after (red) 
NS attachment on the edge (A) or terrace (B) and their SEM images to the right.  Scale 
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4.4 CONCLUSIONS 
Individual plasmonic heterodimers assembled by the ligand place-exchange 
method have been studied using resonant Rayleigh dark-field scattering spectroscopy.  
The coupling of shape mismatched NPs and NSs provides some unique optical properties 
highly dependent on the site of attachment and size of the NS.  We find that the site of the 
NS attachment dictates the plasmonic response of the NP:  when NSs attached on the 
edge, strong coupling with the NP results in a big red shift, whereas NSs attached on the 
terrace cause little perturbation of the NP plasmon resonance and results in small red shift.  
In the case of head-to-tail coupling of NP and NS, modifying the diameter of the NS 
changes not only the amount of the red shift but also the LSPR spectra of the assembly.  
First, the amount of red shift is not linear with the diameter of the NS.  It increases non-
linearly with NS diameter at first and then reaches a saturation level with larger diameters, 
which fits well with a simple model describing the electric field strength of a NS as a 
function of the distance from the NS and the size.  Second, the number of LSPR modes 
increases with increasing NS size.  When light is polarized perpendicular to the long 
NP/NS axis, the NP and NS couple in a side-by-side configuration, which is much 
weaker relative to the coupling when light is polarized parallel to the long NP/NS axis.  
With large NSs, these two plasmon modes are easily distinguished from one another due 
to the large red shift for the parallel coupling.  With the smaller NSs, these modes are not 
distinguishable and overlap into one broad peak.  These unique optical properties related 
to shape asymmetric heterodimers can be exploited for 3D spatial sensing with nanometer 
resolution.  
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CHAPTER V 
THE EFFECT OF LINKER ON THE PLASMONIC COUPLING BETWEEN GOLD 
NANOSPHERES AND GOLD NANOPLATES MEASURED AT THE SINGLE 
NANOSTRUCTURE LEVEL  
 
In this chapter, we describe the effect of the organic linker on plasmonic coupling 
of single or multiple Au nanospheres (NSs) onto a Au nanoplate (NP).  The organic 
linker binds to both the NS(s) and the NP and brings them together (acting as a cross-
linker), allowing for plasmonic coupling between the two nanostructures.  In this work, 
we compared the plasmonic coupling of one or more Au NSs to a Au NP linked by 
cysteamine (Cys) molecules and those linked by 4-aminothiophenol (4-ATP).  The red 
shift in the plasmon wavelength relative to the NP only was larger upon coupling with 
NSs and there were more plasmon modesobserved in the spectrum for NP/NS 
nanostructures coupled through Cys linkers as compared to 4-ATP.  This is most likely 
due to the shorter length of the Cys linker.  Because the linker length of Cys and 4-ATP 
is different, we were not able to distinguish between the length and chemical nature of the 
linker.
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5.1 INTRODUCTION 
Bifunctional organic molecules such as 4-ATP and dithiols have been widely used 
in construction of well-defined 1D, 2D, or 3D assembled nanostructures.  For example, 
Yoon and co-workers used 147 dithiols of varied alkane chain length  to couple small Au 
NS satellites to large Au NS cores.  They found that that the near-field coupling, as 
determined by the LSPR band, had a strong dependence on the gap distance.  As the 
length of the dithiol linker decreased from hexadecanedithiol (C16) to ethanedithiol (C2), 
the LSPR coupling band red-shifted, indicating the increase in their coupling strength.  
Novak et al. assembled Ag and Au nanoparticles with thioacetyl-teminated 
phenylacetylene linkers. In their study, thioacetyl-teminated phenylacetylene with varied 
aromatic ring numbers were used to bridge two Ag NSs.  They observed a high-energy 
band appearing beside the dipole peak of a Ag dimer with decreasing length of the 
molecular bridge between the Ag dimer.148  Recently, more attention has been put on the 
nature of the organic linkers and their effect on plasmon coupling between nanoparticles.  
Yoon and coworkers investigated several different molecular functional groups on 
organic linkers and their effect on plasmon coupling.149  Organic linkers used in their 
research have a fixed –SH group on one terminal, an alkane chain in the middle, and a 
varied functional group (-SH, -OH, COOH, CH3 etc.) on the other terminal.  The 
different nature of the interactions between the functional group and Au nanoparticles 
caused subtle changes in the plasmon coupling band of the core-satellite nanoassemblies.  
Linkers with the SH group exhibited the biggest red-shift while the linker with the CH3 
group showed the smallest shift.  To our best knowledge, there is no study plasmon 
coupling of nanoparticles comparingan with linker comprised of an alkane chain in the 
middle as compared to an aromatic ring with the two terminals being the same.  This 
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could be interesting since there is a large difference between the electronic properties of 
an alkane chain and aromatic ring. Electrons in an aromatic ring are highly delocalized 
the linker is somewhat conductive while the electrons in an alkane chain are highly 
localized and the molecule is more insulating.  Dithiols with aromatic rings such as 4,4’-
biphenyldithiol (BPD) are considered good candidates as conductors in molecular 
electronics applications.150  However, it is not well understood how the conductance of an 
organic linker affects the plasmon coupling of nanostructures linked by them.  It is 
reasonable to believe that molecular conductance could affect the plasmon coupling 
considering that those plasmons involve the conducting electrons in the metal. 
There are three possible ways that plasmonic coupling between two or more 
nanostructures can be altered through variation of the organic linker.  The first is by a 
variation in the distance between the coupled structures.  Since plasmonic coupling is 
exponentially dependent on nanostructure distance, this can be a strong effect.  The 
shorter the linker, the stronger the coupling between the nanostructures.  This is well 
known and has been studied previously and quantified in studies of molecular rulers with 
nanostructure dimers.147  The dielectric property of the organic linker can also have an 
effect on plasmonic coupling since the coupling is related to the interaction of the electric 
fields created by the dipoles forming at the metal nanostructure surface as the conducting 
electrons interact and become excited by electromagnetic radiation.  In general, the 
higher the dielectric constant, the higher the plasmonic coupling observed.  It is often 
difficult to distinguish between the effect of a changing dielectric property and the 
distance.  A third possible effect on plasmonic coupling is when the molecule itself can 
be excited by light at a frequency similar to the plasmon frequency of the nanostructures.  
This can also lead to enhanced coupling.  We chose to compare the Cys linker to 4-ATP 
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because they both have a thiol group that binds to the Au NP and an amine group on the 
other end that binds to the NSs electrostatically as NH3
+.  Also, the Cys linker is a two 
carbon alkane chain in between the thiol and amine, while the 4-ATP contains a benzene 
ring between the thiol and amine with highly delocalized electrons.  We believed that the 
delocalized electrons might improve plasmon coupling between the NP and NSs.  
Unfortunately the distance is not the same, making the analysis difficult. 
In our work, we coupled one or more Au NSs to a Au NP through Cys and 4-ATP 
linkers and compared the near-field coupling of the nanostructures.  Both molecules 
attach to the NP through a thiolate bond and to the NS electrostatically through the NH3
+ 
group.  The Cys has a two-carbon chain in the middle as compared to a benzene ring for 
the 4-ATP, which is clearly more conductive with delocalized electrons, which was 
thought to improve plasmonic coupling.  The results actually showed greater plasmonic 
coupling for the Cys linker, which we attributed to the shorter length of the Cys linker, 
leading to the Au NS-NP distance being shorter.  This dominated the plasmonic coupling 
in this case, making it impossible to study the effect of the alkane chain versus the 
benzene ring on plasmonic coupling.  The experiment needs to be designed such that the 
linker distance is the same, but the group between is different to better understand the 
difference between an aromatic and alkane chain in plasmonic coupling.  We can 
conclude that the benzene ring does not provide such enhanced coupling that it 
overcomes the effect of the distance, since the Cys linker shows stronger coupling. 
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5.2 EXPERIMENTAL 
The synthesis of the Au NPs and Au NSs, the preparation of the nanostructure 
assemblies via ligand place-exchange reactions and characterization by LSPR and SEM 
are described in Chapter II.  
Ligand-exchange reactions were used to control the NS attachment location on 
the NP.  In the previous chapters, the ligands involved in those experiments were 4-ATP 
and HT.  In this chapter, Cys ligands were exchanged with HT to investigate the ligand 
effects on nanostructure coupling.  The experimental conditions which work for 4-ATP-
HT exchange reactions did not work with Cys-HT exchange, when Cys was used to 
control the attachment location of NSs on a NP.  A new set of experiments were designed 
and performed to explore the optimal conditions for Cys-HT exchange and controlled NS 
attachment.  
We placed the glass/Au NPs sample in a 6 mM ethanol solution of Cys overnight.  
We rinsed thoroughly with ethanol and dried under N2.  The substrates were then 
immersed in a 10 mL solution of ~25 nm diameter Au NSs for 30 min, rinsed thoroughly 
with nanopure water, and dried under N2.  The SEM image in Figure 5.1A shows that 
NSs aggregated on the NP surface. In order to avoid the aggregation of NSs, different 
soaking times were tested to reach an ideal coverage of NSs.  It was found that a 5 min 
soaking time in Au NS solution provided a good coverage of NSs on a NP (Figure 5.1B).  
The above experiments allowed us to better understand the Cys linker compared to 4-
ATP.  Even though they have the same terminal groups, Cys seems to have a stronger 
affinity to Au NSs than 4-ATP based on the results.  The condition of the HT-Cys ligand 
place-exchange reaction was also explored to control the attachment location of NSs on 
the NP. 
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Figure 5.1. SEM images of 25 nm Au NSs attached onto a Au NP under different conditions. (A) 
6 mM Cys overnight and 30 min soaking in a Au NS solution. (B) 6 mM Cys overnight and 5 min 
soaking in a Au NS solution. (C) HT-Cys ligand place-exchange for 1 h followed by 30 min of 
soaking in a Au NS solution. (D) HT-Cys ligand place-exchange for 1 h followed by 5 min of 
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We placed the glass/Au NPs sample in a 1 mM ethanol solution of HT overnight.  
We rinsed thoroughly with ethanol, dried under N2, and then exchanged the HT 
monolayer with Cys by placing the sample into a 6 mM ethanol solution of Cys for 1 
hour.  We again rinsed thoroughly with ethanol and dried under N2.  The substrates were 
then immersed in a 10 mL solution of ~25 nm diameter Au NSs for 30 min, rinsed 
thoroughly with nanopure water, and dried under N2.  Figure 5.1C and D shows that NSs 
selectively attached to NP edge sites after a 5 min soaking time following a 1 h HT-Cys 
ligand place-exchange.  
 
5.3 RESULTS AND DISCUSSION 
5.3.1 The Coupling of Au NSs to Hexagonal Au NPs through Cys and 4-ATP 
Linkers 
Figure 5.2 shows two hexagonal Au NPs with one 24 nm diameter Au NS 
attached to a vertex site via coupling through a Cys linker (Frame A) and a 4-ATP linker 
(Frame B).  The scattering spectra before NS attachment displayed one main peak due to 
the dipolar plasmon mode of the hexagonal NP.  The λmax was 788 nm and 678 nm in 
Frames A and B, respectively, indicating that the hexagon in Frame A had a higher aspect 
ratio (AR).  After coupling of a Au NS to the Au NP via a Cys linker, two peaks appear 
in the scattering spectrum.  The most red-shifted peak appeared at 824 nm (peak 1) and 
another less red-shifted peak appeared at 800 nm (peak 2).  In addition there was a blue-
shifted shoulder peak around 600 nm (peak 3).  Peak 1 red-shifted 36 nm relative to the 
original NP while peak 2 red-shifted 12 nm.  The largest shift of peak 1 is due to dipolar 
-type coupling of the NS and NP with light polarized along the long axis of the coupled  
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Figure 5.2. Scattering spectrum of a hexagonal Au NP before (black line) and after (red line) 
attachment of a Au NS on an vertex site of the NP vis a (A) Cys linker and (B) 4-ATP linker.  
The SEM image of the exact structure is shown to the right of the spectra.  Scale bars in SEM 
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structure.  The less red-shifted peak 2 is due to interaction with light polarized in the 
direction of the short axis, or perpendicular to the NP/NS axis.  The shift is smaller due to 
weaker coupling with the NS along this direction.  When 4-ATP molecules were used to 
selectively attach a 27 nm Au NS to the vertex site of the hexagonal NP there was one 
peak red-shifted peak to 699 nm (21 nm shifts) and one blue-shifted shoulder peak near 
600 nm.  The blue shifted peak is the same as that for the NP/NS structure linked with 
Cys.  The main red-shifted peak is due to dipolar coupling along the lone NP/NS axis.  
Since the shift is only 21 nm, we do not observe the third peak due to light polarized 
along the NP short axis.  This peak overlaps with the 21 nm shifted dipolar peak, leading 
to one red-shifted broadened peak after NS attachment.  We attribute the larger red-shift 
with the Cys linker to the smaller size and subsequent shorter distance between the NP 
and NS.  This larger red shift allowed the observation of two plasmon modes 
corresponding to light polarized along the long axis of the NP/NS structure and light 
polarized along the short axis of the NP/NS structure.  When the shift is smaller in the 
case of 4-ATP, we observe one broad peak instead. 
Figure 5.3 shows a schematic representation of the two different linker molecules 
used in this study.  The distance from the N to the S in the molecule is about 0.5 nm for 
the Cys linker and 0.7 nm for 4-ATP.  This molecular length should correlate with the 
NS-NP distance and hence the coupling strength.  We believe this is the reason for the 
larger dipolar red shift due to head-to-tail coupling along the long axis, which is shifted 
large enough to also observe the peak due to polarization along the short axis of the 
coupled structure with the Cys linker.  A comparison between our data and simulations 
performed by the Schatz group show good agreement, where the LSPR band red shifted 
and a high-energy shoulder peak grew in with a decrease in the interparticle distance  
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Figure 5.3. Illustration of the interparticle distance between a NS and NP linked by (A) Cys 
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between Ag NS dimers.151  However, there is still uncertainty in the exact distance 
between the Au NS and NP using these two different linker molecules.  The molecules 
could be extended perpendicular from the surface at a maximum length or have different 
degrees of tilting relative to the surface normal, which could drastically affect the NS-NP 
distance.  The interparticle distance with a Cys molecule standing up straight on a Au 
surface is 0.8 angstrom longer than the molecule tilting 60o relative to the Au surface, for 
example.152 
Figure 5.4 shows the resulting scattering spectrum following attachment of two 
and three NSs to a hexagonal NP using the Cys and 4-ATP linker, respectively.  Prior to 
attachment through Cys, the spectrum shows one main symmetric peak with a λmax of 668 
nm (Frame A).  Following the attachment of the two NSs through Cys, the spectrum of 
the coupled nanostructure consists of three peaks, including a red-shifted peak at 750 nm 
(peak 1), a second red-shifted peak at 702 nm (peak 2), and a blue-shifted shoulder peak 
around 600 nm (peak 3).  The presence of three peaks is similar to the coupling of one 
NS in Figure 5.2, except that the two red-shifted peaks are shifted more in the Cys case 
(82 nm as compared to 36 nm for peak 1 and 34 nm compared to 12 nm for peak 2).  The 
shift for two coupled NSs is larger than twice the shift for one NS.  The average red shift 
caused by each NS when two were attached was 41 nm for peak 1 and 17 nm for peak 2, 
slightly larger than the shift of 36 nm and 12 nm for one NS attached.  In the case of 4-
ATP as the linker for three attached NS, the NP prior to coupling displayed a max of 656 
nm.  After attachment of three NSs, there were only two peaks in the resulted LSPR 
spectrum, including one red-shifted peak at 725 nm and one blue-shifted shoulder peak 
around 600 nm.  The total shift was 69 nm, or an average of 23 nm per NS, which is 
significantly smaller than the shift per particle with the Cys linker.  We attribute the  
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Figure 5.4. Dark-field light scattering spectrum of an approximately hexagonal Au NP before 
(black line) and after (red line) attachment of (A) two Au NSs to the edge site via Cys linkers and 
(B) three Au NSs on the edge site via 4-ATP linkers.  The SEM images show the exact structures 
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bigger shift for Cys to the closer Au NP/NS distance as already discussed.  Two red-
shifted peaks are not visible with the 4-ATP linker because of the fairly symmetric 
distribution of NSs around the NP.  This leads to a similar red-shift for all light 
polarization directions, leading to one broad peak instead of multiple peaks.  The unique 
synergistic effect in the shift in max observed in the 4-ATP experiments described in 
Chapter 3 was also observed with Cys linkers.146  For example, the attachment of a single 
NS to a NP resulted in a 36 nm red-shift while the attachment of two NSs to the edge site 
of a Au NP resulted in a 82 nm red-shift, amounting to a shift of 41 nm per attached NS.  
Both linkers showed a blue-shifted peak at ~600 nm, but the band was more intense as 
the number of NSs increased and for the Cys linker, consistent with the shorter linker 
distance. 
 
5.3.2 The Coupling of Au NSs to Circular Au NPs through Cys and 4-ATP Linkers 
Figure 5.5 shows the dark-field light scattering spectra of two circular Au NPs 
before and after the attachment of one 20-30 nm diameter Au NS through a Cys and 4-
ATP linker in Frames A and B, respectively.  The circular Au NP before NS attachment 
via Cys linker had one main peak with a λmax of 650 nm and another slightly visible 
shoulder peak near 690 nm.  There are likely two peaks in the before spectrum because 
the circular disk is not completely symmetric.  It is elongated in one direction, giving a 
more red-shifted peak for interactions with light polarized along that direction.  There 
appears to be four highly overlapping LSPR peaks after NS attachment, including a red-
shifted peak at 735 nm (peak 1), a second red-shifted peak at 688 nm (peak 2), a third 
red-shifted peak at 664 nm (peak 3), and a blue-shifted shoulder peak around 600 nm 
  128 
(peak 4).  The peak at 735 nm (peak 1) seems to have red-shifted from the peak at 690 
nm in the original spectrum (total shift of 45 nm).  It is likely due to the NS coupling 
along the elongated axis of the circular NP.  The other two red-shifted peaks (peaks 2 and 
3) came from the original broad peak at 650 nm, but are now more distinct because they 
shifted by different amounts.  Those two peaks shifted by 38 nm and 14 nm and 
correspond to different amounts of coupling along different NP axes.  The peak at 600 
nm is blue-shifted by 50 nm and assigned as described previously for the other shaped 
NPs.  The presence of the multiple peaks and intense band at 600 nm is again due to the 
close spacing between the NS and NP with the Cys linker.  In the case of NS coupling to 
the edge of the circular NP in Frame B through the 4-ATP linker, the NP before coupling 
exhibited a max of 653 nm.  After NS attachment, there was really only one main peak in 
the dark-field scattering spectrum, a red-shifted peak at 667 nm (14 nm shifts).  The blue-
shifted shoulder peak at 600 nm observed for many of the other structures is barely 
noticeable, if at all.  As shown for hexagonal NPs, the 600 nm peak was not nearly as 
intense or distinguishable with the 4-ATP linker compared to the Cys linker.  Also, there 
is only one broad red-shifted peak after NS coupling, which actually consists of different 
red-shifted peaks underneath it due to different polarization directions (since we use 
unpolarized light) relative to the long NS-NP axis, but are not different enough to be 
distinguishable because of the longer 4-ATP linker and less overall coupling strength 
compared to Cys.  Another interesting observation is that the main dipolar plasmon mode 
shifted by 14 nm for one NS coupled to a circular NP, whereas it shifted by >20 nm for 
one NS coupled to a hexagonal NP.  This is due to the stronger electric field strength 
surrounding the edges and corners of the hexagonal shaped NP. 
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Figure 5.5.  Dark-field light scattering spectrum of a circular Au NP before (black line) and after 
(red line) attachment of a Au NS on the edge site of the NP vis (A) Cys linkers and (B) 4-ATP 
linkers.  The SEM images of the exact structure studied are shown to the right of the spectra. 
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5.3.3 The Effect of Coupling Location on the Plasmonic Properties of NSs Attached 
to Triangular NPs 
In Chapter III, we discussed the effect of coupling a Au NS to the vertex/edge site 
of a hexagonal NP as compared to coupling to the terrace site, showing a dramatic 
difference in coupling strength with unpolarized light.  In that study, we used 4-ATP 
linkers and could not distinguish between NS coupling to a vertex site versus an edge 
site.  Figure 5.6 shows the dark-field scattering spectra of two triangular NPs before and 
after attachment of a 20-30 nm Au NS to the edge and vertex site through a Cys linker, 
where significant difference in coupling occurred between these two locations.  
Specifically, Figure 5.6 A shows a triangular NP with an initial λmax of 731 nm before Au 
NS attachment.  After attachment of a 29 nm Au NS through Cys, the spectrum contains 
three LSPR peaks, including a red-shifted peak at 806 nm (peak 1), another red-shifted 
peak at 734 nm (peak 2), and a blue-shifted shoulder peak around 600 nm (peak 3).  Peak 
1 red-shifted 75 nm relative to the original triangular NP LSPR peak while peak 2 red-
shifted 3 nm.  Figure 5.6 B shows the spectrum of a triangular Au NP before and after 
attachment of an 18 nm Au NS to the edge site of a triangular NP through Cys linkers.  
The NP had one original max at 718 nm and also three peaks after NS edge attachment.  
It consisted of one red-shifted peak at 732 nm (peak 1), another red-shifted peak at 719 
nm (peak 2), and one blue-shifted shoulder peak round 600 nm (peak 3).  Peak 1 red-
shifted by 14 nm and peak 2 red-shifted by 1 nm compared to the original LSPR peak of 
the NP.  The red shift of peak 2 in both vertex and edge attached samples was similar (3 
nm vs 1 nm), representing the interaction of light polarized perpendicular to the NP/NS 
long axis.  However, the magnitude of the red shift for peak 1 (along the NP/NS long 
axis) was 5 times larger in the case of vertex attachment compared to edge attachment  
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Figure 5.6. Dark-field light scattering spectrum of a triangular Au NP before (black line) and after 
(red line) attachment of a Au NS on a (A) vertex site and (B) the edge site of the NP via Cys 
linkers.  The SEM images to the right show the actual coupled nanostructures.  Scale bars in SEM 
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(75 nm vs 14 nm).  In our previous studies,146 simulation of the electric field around the 
different regions of a hexagonal NP showed site-dependent electric field strengths in the 
order of the vertex > edge > terrace, which explains why the NS attached on the vertex 
site of a NP resulted in a bigger shift compared to attachment on the edge site for the 
triangular NP, which would show a similar electric field site dependence.  Our results 
here agree well with the simulation of the polarization difference between the vertex and 
edge sites of a triangular NP.  The surprising result is that we did not observe this 
difference with the 4-ATP linker on hexagonal or triangular NPs.  This suggests that a 
shorter linker may be better at distinguishing optically between the edge and vertex sites 
of a well-defined shaped nanostructure, such as triangular NPs.  It is important to note 
that the NS was larger on the vertex site (29 nm) compared to the NS on the edge site (18 
nm), but this should not account for the larger difference in the shift (75 nm vs 14 nm). 
 
5.4 CONCLUSIONS 
In this chapter, we described the optical light scattering properties of different Au 
NP/NS coupled structures linked together by two different organic linkers (Cys and 4-
ATP).  The results show a large difference in the spectra of coupled NP/NS structures 
with the different linkers.  In the spectrum of Cys-linked NP/NS dimer, there are three 
LSPR peaks, including a distinct higher-energy plasmon mode in addition to different 
red-shifted dipolar coupling modes.  The 4-ATP linked structure does not have an as 
distinguishable blue-shifted peak or a second red-shifted peak.  The appearance of these 
modes with the Cys linker is attributed to the shorter interparticle distance with Cys 
compared to 4-ATP, although we cannot rule out possible differences in the dielectric 
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properties or electronic properties of the linkers.  A synergistic effect observed previously 
with 4-ATP linkers and multiple binding NSs was also observed here with Cys linkers, 
but to a greater extent.  In addition, with the Cys linker we were able to distinguish 
between the coupling of a NS onto the edge and vertex site of a triangular NP that was 
not observed with the 4-ATP linker.  This research provides new and important 
information in the plasmonic coupling of Au NSs to Au NPs via different organic linkers.  
The information learned here could be utilized to better control the optical properties of 
coupled nanostructures and develop a strategy for optical sensing with 3D spatial 
resolution.  Although we were not able to directly compare the effect of a aromatic group 
and an alkyl group placed between the two coupled nanostructures, due to the difference 
in spacing, it is clear that the aromatic group did not cause significantly enhanced 
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CHAPTER VI 
EFFECT OF NANOPLATE SHAPE ON LIGHT SCATTERING PROPERTIES AND 




The aspect ratio (AR) of individual triangular, hexagonal and circular Au 
nanoplates (NP) was determined based on the height and maximum width as measured by 
Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM), 
respectively, and correlated to the wavelength of maximum scattering (max) as measured 
by dark-field scattering spectroscopy/microscopy.  For all shapes, the max increases 
linearly with increasing AR.  The max is more red-shifted and more sensitive to AR in 
the order of triangles > hexagons > cirlces.  The sensitivity of the max to the refractive 
index (RI) of the global environment, known as Refractive Index (RI) sensitivity (S0), 
followed the order of triangles (~250 nm/RIU) > hexagons (~220 nm/RIU) > circles 
(~150 nm/RIU), based on the max values in air and 2-propanol.  Dark-field microscopy 
images showed a clear change in color of the NPs in the two different RI media.
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6.1 INTRODUCTION 
The optical properties and RI sensitivity of nanoparticles depends on a number of 
factors such as the size, shape, composition,106,108,113 and nanoparticle-nanoparticle 
interactions (coupling or aggregation).153,154  A number of studies have been conducted to 
characterize the RI sensitivity of different shaped nanoparticles including nanospheres 
(NSs), NRs, cubes, plates, bipyramids, and nanostars (or nanobranches).106,113,155  In 
general, nanostructures with very sharp points, such as nanostars and nanobranches, have 
shown the largest RI sensitivities, due to the large electromagnetic field enhancement at 
these sharp regions.  Au NPs are desirable platforms for understanding the fundamentals 
of LSPR sensing because have different regions with very different plasmon properties, 
including sharp vertex and edge sites with larger electromagnetic field enhancement 
compared to the smooth terraces.  The smooth morphology of the terrace makes it 
relatively easy to image large molecules, such as proteins, and other nanostructures 
attached to these different regions.  For applications, the different regions could be 
exploited to study molecular dynamics and to develop 3D spatial nanosensors. 
LSPR sensing of individual nanostructures has several benefits over 
measurements from an ensemble of nanostructures, including narrower LSPR bands, 
higher sensitivity, and the ability to observe structures with unique behavior. The first RI 
sensitivity study of a triangular NP was reported by the Van Duyne group.104  They 
reported that the dipole plasmon resonance peak of a Ag NP had a RI sensitivity of 205 
nm/RIU.  There are only a few studies comparing the RI sensitivity of NPs with other 
shapes such as rods and spheres.  For example, the Van Duyne group reported that the RI 
sensitivity of a single Ag nanoparticle follow the order of rod > prism > sphere. 112  
  136 
However, only the shape of the triangular NP, fabricated by nanosphere lithography 
(NSL), was confirmed by microscopy.  The geometry of the NR and NS was based on the 
LSPR maximum wavelength, line shape, and polarization dependence of the scattering 
spectra instead of microscopy.  Another study showed that a single Au NR has a higher 
RI sensitivity than a circular NP.113  In their study, both the shape of NRs and nanodiscs 
(or circular NP) was confirmed by high resolution SEM images.  While some studies of 
NPs exist on RI sensitivity at the single nanoparticle level, there has been no report 
systemic study on the RI sensitivity of NPs with different geometric shapes.   
In this chapter, we compare the RI sensitivity of triangular, hexagonal, and 
circular  Au NPs.  In our NP synthesis, we naturally have a distribution of triangular, 
hexagonal, and circular NPs on the surface.  Since we are studying the nanostructures at 
the single particle level, we are able to study all three shapes from the same sample.  This 
alleviates the need to controllably synthesize one particular shape with high yield.  In our 
synthesis, hexagons make up about 90%, triangles 10%, and circles <1%.  We 
synthesized the NPs on glass slides containing numbered markers as described earlier, in 
order to correlate the dark-field microscopy images and LSPR scattering spectra with the 
AFM and SEM images.  The combination of height and width information of single NPs 
allowed us to correlate the AR with the max for the three-different shaped NPs.  We 
found that the max increased with increasing AR for all NPs which agrees with other 
studies.64  However, the absolute max value and sensitivity of max on the AR varied for 
the different shapes.  In addition, we measured and compared the RI sensitivity of each 
shape at the single particle level.  While there have been comparisons in the RI sensitivity 
for various shaped Au nanostructures reported in the literature previously, there are no 
studies comparing different shaped NPs at the single particle level.  Our results show that 
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triangular NPs have a higher RI sensitivity, followed by hexagonal NPs, and then circular 
NPs.  This study will provide useful information to build sensitive detection strategies 
based on LSPR properties.  
 
6.2 EXPERIMENTAL 
The synthesis and purification of the Au NPs and characterization by SEM, AFM, 
and Dark-field Microscopy/Spectroscopy are described in Chapter II. 
 
6.3 RESULTS AND DISCUSSION 
6.3.1. LSPR Correlated to Aspect Ratio of Individual Au NPs 
The optical properties of nanoparticles have a strong dependence on their 
dimensions, especially with regard to the ratio of their height to width, or aspect ratio 
(AR)  The AR of a NS is 1 and other anisotropic shaped nanoparticles are larger than 1.  
The relationship between the AR of NPs and their maximum scattering wavelength (λmax) 
has been studied for three different shaped NPs, including triangle, hexagon, and circle. 
Figure 6.1 shows the dark-field scattering spectrum, SEM image and cross-
sectional AFM image for each NP.  For example, the edge length was 125 nm and the 
corresponding height was 38 nm for a triangular NP (Figure 6.1A).  The AR of this 
triangular NP was 3.3 and the λmax was 665 nm. The maximum width and height of seven 
individual triangular NPs were obtained along with the dark-field scattering spectrum.  
The max, corresponding to the in-plane dipole peak of the NP, was plotted as a function 
of AR as shown in Figure 6.2. The well-defined trends in the peak positions just noted are  
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Figure 6.1. Dark-field light scattering spectrum (left panel), SEM image (middle panel), and 
cross-section AFM image (right panel) of an individual triangular Au NP (A), hexagonal NP (B), 
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Figure 6.2. Relationship between the LSPR dipole peak position (λmax) and aspect ratio of 
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strongly correlated to the nanoparticle dimensions.  The LSPR dipole peak increased 
linearly with AR with a slope of 31 nm/AR unit.  The trace in the figure has a correlation 
coefficient greater than 0.96 indicating good fits.  The in-plane modes dominate the 
extinction because of the bigger edge length (> 100 nm) and smaller aspect ratio (<7).  
Our experiment results agree closely with Schatz theoretical calculation.156  Schatz and 
coworkers theoretically calculated the scattering spectrum of individual Au prisms in 
aqueous solution with different edge length and thickness.  They found a general increase 
in the wavelength of max as the AR of the prism increased.  However, no experimental 
data was provided for verification.  According to their calculation, the smallest prism in 
water solution with an AR=2.5 has a dipole peak at 673. If AR=2.5 replaces the X in the 
equation of Figure 5.4, the λmax will be at 643. The 30 nm differences maybe cause by the 
difference dielectric environment.  The bottom of our NPs was attached to glass 
substrates and their surface was exposed in air.  In the theoretical calculation, all their 
NPs were considered to be immersed in water.  
The maximum width of a hexagonal NP was 148 nm and the corresponding 
height was 39 nm (Figure 6.1B).  The resulting aspect ratio was 3.8 with a λmax of 667 
nm.  Totally, edge length and height and corresponding dark-field scattering spectra of 
eight individual hexagonal NPs were obtained.  A similar trend in the peak and 
nanoparticle dimensions was observed.  The wavelength corresponding to the in-plane 
dipole peak increased linearly with aspect ratio (20 nm/AR unit), as can be seen in Figure 
6.2.  To our best knowledge, there has been no study on the relationship of λmax and AR 
for hexagonal NPs.  
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Circular NPs or nanodiscs have been wideley synthesized and used for 
fundemental studies of nanoparticle optical properties as well as sensing applications.  
Compared to triangular and hexagonal NPs, circular NPs have no sharp edges.  Figure 
6.1C shows the dark-field scattering spectrum of a circular Au NP along with the 
corresponding SEM and AFM cross-sectional image.  The diameter of the circle was 92 
nm and the corresponding height was 34 nm.  The resulting AR was 2.7 with a λmax value 
of 642 nm.  There was only two data points for circular NPs.  The limited number of 
circular NPs came from our modified seed-mediated growth method for NP synthesis.  A 
statistical calculation showed that among 32 NPs, there were only 2 circular NPs.  
Unfortunately, there were only two good circular NPs among the collected NPs.  Even 
with two data points we still can see the trend that λmax increases with increasing AR of 
circular NPs (Figure 6.2).  The slope determined by these two data points was 28 nm/AR 
unit. However, this value was not expected due to the limited number of data points.  The 
expected order of linear regression slope should be triangle>hexagon>circle. 
 
6.3.2 DDA Simulation 
The discrete dipole approximation (DDA) method was used for simulation of the 
LSPR scattering spectra of Au NPs.  A triangular NP which has an edge length of 110 nm 
and a thickness of 35 nm was simulated with a 111 nm long x 35 nm thick NP (Figure 
6.3).  The simulation employed unpolarized light for excitation to match the experimental 
conditions.  The DDA simulated scattering spectrum with Lorentzian fit shows close 
agreement with the experiment.  The simulated value of 657 nm is slightly blue shifted by 
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6 nm compared to the experimental value with a similar maximum length (110 nm) in 
experimental. 
Figure 6.4 compares the experimental spectrum to a simulated spectrum of a 
hexagonal NP of similar dimensions.  The experimental NP had a long-axis length of 136 
nm and a thickness of 33 nm.  Simulations were performed for a hexagonal NP with a 
long-axis length of 137 nm and a thickness of 31 nm. We obtained the max value of 642 
nm from simulation data.  The difference between the simulated max value and 
experimental value may come from the different curvature of the hexagonal NP used in 
the simulation and compared to the one in the experiment.  As we can see from the SEM 
image, the tips of chemical synthesized NP are not as perfectly sharp as those in the 
simulation. 
 
6.3.3 Bulk Refractive Index Sensing of Different Shaped NPs  
Using the darkfield microscope system and strategy we have developed to study 
individual NPs,146 we first collected LSPR spectra of several individual NPs in air 
(RI=1.00) (Figure 6.5A), and then covered those NPs with IPA (RI=1.37) and collected 
their spectra again.  After application of the IPA we observed a significant color change 
in each of the NPs (Figure 6.5B).  The thickness of the IPA layer is much greater than the 
dimensions of any of the NPs and can be considered to form a new bulk dielectric 
environment.  Note that the NPs initially red in color shifted to gray while paricles 
intially green in color shifted to red when comparing Figure 6.5A and Figure 6.5B.  A 
graph showing the initial spectrum (black line) and the red-shifted spectrum (red line) of 
a typical red NP, pointed out by the white arrow in Figure 6.5A and 6.5B, is displayed in  
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Figure 6.3. LSPR scattering spectrum of a single triangular Au nanoplate obtained via dark-field 
spectroscopy (black curve) and its DDA simulated scattering spectrum (red data points). SEM 
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Figure 6.4.  LSPR scattering spectrum of a single hexagonal Au nanoplate obtained via dark-field 
spectroscopy (black curve) and its DDA simulated scattering spectrum (red data points). The 
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Figure 6.5C.  The max of this red NP shifted 94 nm in the presence of bulk IPA.  After 
removal of the IPA layer and drying, the LSPR scattering spectrum of the NPs shifted 
back to the original position.  The nanostructure shown by a white arrow in Figure 6.5A 
and 6.5B is a triangualr NP which has a  RI sensitivity of 247 nm/RIU. 
Of the 32 NPs studied, hexagonal NPs accounted for 69%, triangular NPs 
accounted for 25%, and circular NPs 6%. However, only a very small portion of each NP 
has a perfect shape.  For example, some triangular NPs have rounded or truncated tips. 
All of those factors limited the number of useful data points.  After careful selection, 
three triangular NPs, four hexagonal, and two circular NPs were chosen to study the RI 
sensitivity.  Table 6.1, Table 6.2 and Table 6.3 lists the λmax before and after covering 
with IPA, the λmax shifts, RI sensitivity, and figure of merit (FOM) for each NP. The 
FOM is defined as the relative shift of the LSPR divided by the full width at half-
maximum (fwhm) of the LSPR peak as described in Chapter 1.  The FOM serves as the 
standard for assessing a nanoparticle’s sensing potential because FOM takes the spectral 
line width into consideration.  Some nanoparticles exhibiting very large LSPR shifts have 
very broad LSPR peaks.  A narrow spectral line width is desirable since a smaller change 
in signal is easier to detect as the spectral width decreases.  For example, a triangular NP 
P3 in Table 6.1 has a bigger red shift of 97 nm compared to a 94 nm shift in P1.  
However, when taking the peak line width into consideration, P3 only has a FOM value 
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Figure 6.5. Correlated single-NP dark-field spectroscopy/electron microscopy. (A) Dark-field 
microscopy image of 6 individual Au nanostructures on a glass slide in air. (B) Dark-field 
microscopy image of the same 6 individual Au nanostructures on the same glass slide in IPA. (C) 
The light scattering spectrum of the Au NP pointed out by the white arrows in (A) and (B). (D) 
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The results in Tables 6.1, 6.2, and 6.3 provide an important opportunity to study 
the influence of NP shape on RI sensitivity.  For instance, the average FOM value from 
each triangular, hexagonal, and circular NP is 3.18±0.41, 2.48±0.08, and 1.83±0.32, 
respectively.  Based only on FOM, it seems that the RI sensitivity follows the order of 
triangular NPs > hexagonal NPs > circular NPs.  When comparing individual NPs, we 
can draw the same conclusion.  For two NPs labeled P2 in both Table 6.1 and 6.2, one 
triangular NP P2 has a λmax value of 660 nm which is close to the λmax of the hexagonal 
NP P2 at 662 nm.  However, the FOM of the triangular NP is 3.22 and that of the 
hexagonal NP is 2.52.  We conclude that the triangular shaped NPs are more sensitive to 
the refractive index changes compared to hexagonal or circular shapes.  When comparing 
a hexagonal NP P1 in Table 6.2 with a λmax of 679 nm to a circular NP P2 in Table 6.3 
with a λmax of 678 nm, the hexagonal NP has a bigger FOM of 2.51 compared to 2.06 of 
the circular NP.  The sensitivity of the NPs follows the order of triangles > hexagons > 
circle.   
The sensitivity difference between these three types of NPs might come from the 
sharpness degree of their tips.  To be more specific, the curvature of triangle tips are 60 ˚ 
while the curvature of hexagon tips are doubled 120˚ which means the tips of a triangle 
are sharper than the tips of a hexagon.  For less sharp circular NPs, its curvature is 360 ˚, 
which triples the degree of the hexagonal NP.  Many theoretical and experimental studies 
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Table 6.1. LSPR max shift data and pertinent experimental environmental sensitivity parameters 
for dipole resonance of three different triangular NPs. 
 
 
Table 6.2. LSPR max shift data and pertinent experimental environmental sensitivity parameters 
for dipole resonance of four different hexagonal NPs. 
 
 
Table 6.3. LSPR max shift data and pertinent experimental environmental sensitivity parameters 
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6.4 CONCLUSIONS 
We present here a study on the effect of shape on the optical response of 
individual Au NPs. A strategy has been developed to correlate scattering spectra with 
SEM and AFM images of each individual NP using etched numbers on glass substrates as 
markers.  The AR of individual NPs was calculated based on dimensions determined by 
SEM and AFM images.  The experimental results showed that λmax increased with 
increasing aspect ratio increasing for all NPs regardless of their geometric shapes.  The 
lmax was most red-shifted and more sensitive to the AR in the order of triangles > 
hexagons > circles.  The RI sensitivity of a single NP was measured by collecting its 
LSPR spectrum in air and in isopropanol.  The refractive index sensitivity order of NPs is 
triangle > hexagon > circle.  These results provide useful information about the 
relationship between the shape of an individual NP and its plasmon properties and the 
sensitivity to changes in the refractive index of the environment. 
 
  150 
CHAPTER VII 
SUMMARY AND FUTURE DIRECTIONS 
 
7.1 Summary 
This dissertation described the preparation of new and unique Au nanostructure 
assemblies using nanoparticle synthesis and thiol self-assembly and ligand place-
exchange reactions.  Au NSs were regioselectively attached onto Au NPs to form NP/NS 
dimers and multiparticle core-satellite NP/NS assemblies.  The dark-field light scattering 
spectra of the NP/NS assemblies were collected at the single particle level to gain an 
understanding of the plasmonic coupling of these asymmetric regioselectively controlled 
structures.  A strategy was developed to correlate the dark-field light scattering spectra of 
the nanostructures with the SEM and AFM images of the same structures at the single 
nanostructure level.  The optical properties of coupled NP/NS assemblies have been 
studied as well as the factors that affect the coupling, including attachment location of the 
NS on the NP, the size of the NS, and the organic ligands linking the NS and NP.  The 
application of this study to refractive index sensing with different shape NPs has also 
been performed.  
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The key conclusions from this research are:   
 The light scattering spectrum of the NP/NS assemblies was found to be strongly 
dependent on the location of NS attachment.  The λmax of the dipolar plasmon mode red-
shifted by an average of 24 nm for a single 20-30 nm diameter Au NS coupled to the 
vertex/edge site as compared to 3 nm for those coupled to the terrace site of the Au NPs.  
Simulations using the discrete dipole approximation (DDA) method verified the 
experimental trends, but with a smaller shift.  
 Further studies with multiply attached NSs attached to a Au NP indicate a unique 
synergistic effect, whereby the polarizing effect of a NS on the NP is positively assisted 
by the presence of other attached NSs.  The attachment of a single NS to the NP side 
edge results in an average red-shift of 22 nm.  The attachment of three NSs attached to 
the sides results in a red-shift of 23 nm per attached NS.  However, the attachment of four 
NSs around the NP sides results in a shift of 31 nm/NS. DDA simulations confirmed the 
experimental data. 
 In contrast to the uniform distribution of NSs, we found that asymmetric 
distributions of multiple NSs attached to the sides of the NP result in complex, 
broadened, multi-peaked spectra with large plasmonic shifts.  The strongest scattering 
band of these asymmetric structures appears to be much more strongly red-shifted than in 
the case of an equivalent (with the same number of NSs) symmetric distribution, which 
has also been confirmed by DDA simulations.  
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 A positive shift in the dipolar plasmon mode of the NP/NS heterodimer relative to 
the original NP, attributed to coupling along the long NP/NS axis, increased with 
increasing NS size for those attached on the side of the NP in the order of 9±2 nm, 24±4 
nm, and 98±16 nm for 13, 24, and 51 nm average diameter NSs, respectively.  A look at 
all of the NS sizes studies, revealed a trend where the red-shift of the LSPR band due to 
dipolar coupling along the long NP/NS axis increased with increasing NS size up until 
about a 40 nm diameter NS, but then saturated for sizes about that.  The data can be 
described by the size dependent decay of the electric field at the NS surface.  As the NS 
size increases, the electric field enhancement extends further from the NS surface, 
leading to the stronger coupling.  At large NS sizes, the distance dependence of the 
electric field does not change very much. 
 As the NS size increased, peaks appeared in the scattering spectrum that were 
correlated to light polarized along different NP/NS axes with respect to the long NP/NS 
axis.  The long axis dipolar coupling mode was so strongly red-shifted compared to the 
short axis direction and other directions in between, that those different modes could be 
distinguished in the scattering spectrum.  Only one broadened peak appears with a NS of 
~24 nm diameter and smaller due to a very small difference between the different 
polarization directions, making them indistinguishable.  For larger Au NSs attached, 
peaks corresponding to different polarization directions are distinguishable. 
 For NSs attached to the top terrace of the NPs, the shift in the dipolar plasmon 
mode was 1±1 nm, 3±1 nm, and 14±4 nm for the 13, 24, and 51 nm NSs, respectively, 
and they appeared broad with one main peak.  These small shifts are due to the fact that 
the dipolar mode of the individual NP and NS are parallel to one another and weakly 
coupled. 
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 Single triangular, hexagonal, and circular Au NPs were analyzed by dark-field 
scattering spectroscopy, SEM, and AFM.  The scattering λmax increases linearly with 
increasing aspect ratio for all NPs with a max value and slope that follows the order of 
triangles > hexagons > circles.  DDA simulations and literature comparison provided 
verification of the trends for some shapes.  The refractive index sensitivity order of the 
different shaped NPs follows the order of triangles > hexagons > circles.  The shift upon 
binding a single Au NS of the same size also follows the same general trend. 
 More LSPR modes appear in the spectra of coupled NP/NS dimers or 
multiparticle assemblies linked by Cys compared to 4-ATP and the red-shift for light 
polarized along the long axis is larger for Cys compared to 4-ATP.  The larger shift is 
attributed to the shorter linker length of Cys compared to 4-ATP, allowing stronger near-
field coupling, and the large shift for the long-axis dipolar mode (longitudinal mode) 
leads to the multipeak spectrum since it is easily distinguishable from the dipolar mode 
perpendicular to the long axis (similar to a transverse mode).  There is also a blue-shifted 
peak at 600 nm that becomes more intense with the Cys linker due to short length and 
stronger coupling. 
 NS attachment to a triangular NP at an edge site versus a terrace site showed very 
different coupling strengths for the long axis dipolar mode with a Cys linker due to the 
shorter distance and stronger coupling.  These two sites were indistinguishable, however, 
when the longer 4-ATP linker was used instead.  The shorter linker ligand can have a 
potential benefit of higher site sensitivity for 3D spatial sensing applications.  Also, it 
appears that the conductive aromatic ring of benzene does not lead to significantly 
enhanced plasmon coupling relative to the C2 alkane chain, since the distance effect 
appeared to dominate. 
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7.2 Future Directions 
Future projects should include studies on more organic linkers, refractive index 
sensing with Au NP/NS assemblies, and other types of metal NP/NS assemblies.  We 
have observed that organic linkers have a large effect on the LSPR spectra of NP/NS 
assemblies.  However, we only compared Cys and 4-ATP molecules, which have 
different dielectric properties, different lengths, and different polarizability.  With so 
many differences, it is impossible to conclude that the spectral differences come from the 
different molecular length or molecular structure without simulation data and linker 
ligands with more similarity and only one variable.  It might be the combination of the 
two or three factors or be dominated by one factor.  It will be interesting to study 3-
aminopropanethiol as a linker.  Compared to Cys (2-aminoethanethiol), 3-
aminopropanethiol has one more carbon in the alkane chain, resulting in a similar 
interparticle distance (~1.2 nm) between NS and NP as the 4-ATP linker.  The advantage 
of 3-aminopropanethiol as a linker is that it rules out the different distance when 
comparing with 4-ATP.  It also rules out the structural differences, only focusing on 
interparticle distance, when comparing to Cys.  
In the sensing project, we investigated the RI sensitivity of NPs with different 
shapes.  It would also be interesting to explore the sensing applications of the prepared 
NP/NS assemblies.  Calculations show that nanoparticle coupling can enhance the RI 
sensitivity.85  To the best of our knowledge, there has been no report comparing the RI 
sensitivity of a single nanostructure before and after coupling with another nanostructure.  
Not only would the RI affect the LSPR band, but a change in NP/NS distance in the 
presence of analyte would lead to significant shifts in max.  Finally, the SERS signal can 
be greatly enhanced by nanoparticle coupling.  It would be very interesting to compare 
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the SERS enhancement factor between a single NP before and after coupling with a NS, 
with significant enhancements expected in the coupled structures.  Another interesting 
sensing application of this research would be to use this approach for the detection of 
biomolecules, including proteins and DNA.  The LSPR shift caused by a single protein 
might be detected by controlling the protein binding to the edge sites of the NP due to the 
strong electromagnetic filed localized around the sharp edges.  
In addition, NSs and NPs of other metals such as Ag or Pt might bring in some 
other interesting optical phenomenon and applications.  For example, Ag nanoparticles 
are more sensitive than Au nanoparticles in LSPR sensing applications.  It will be good to 
know the shift difference caused by a single Au NP or NS compared to a Ag NS or NP or 
coupled structures to better understand the main factors controlling LSPR sensors.  Pt is a 
very useful metal in the field of catalysis.  A Pt NS attached to a Au NP might serve as a 
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